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Rare diseases (RD) are defined as those affecting no more than 5 in 10,000 people within 
the European Union (EU). It is estimated that between 27 and 36 million people might be 
affected by RD in the EU (which amounts to between 6 and 8% of its total population), with 
them consequently having become a Public Health issue. The epidemiological research of 
the over 6,000 accounted for RD proves harder than that of more frequent diseases, due to 
their specific characteristics (e.g. heterogeneity, low number of cases, case dispersion or 
difficulties in codification, to name a few). When it comes to mortality, the availability of 
national population-based data and standardized registries are very useful when 
researching RD, since the reduction of mortality is a public health policy goal. Geographic 
Information Systems allowing for the integration, analysis and representation of geospatial 
data have proved to be a valuable tool with which to study the mortality distribution and its 
spatio-temporal evolution. Knowing the geographical patterns of mortality and their 
relationships with other spatial variables helps more accurately describe its epidemiology, 
as well as providing important baseline elements when searching for causal relationships 
between environmental factors and the diseases object of analysis. 
 
Objective 
The general aim of this doctoral thesis is to deepen the knowledge on mortality attributed to 
RDs in Spain from a geographical and epidemiological perspective. The specific objectives 
are the following: 
Objective 1: To identify difficulties related to the optimal geographic units of representation 
when working with RDs and to provide sound advice for the election of the most 
appropriate unit, aiming for a better epidemiological and cartographic result. 
Objective 2: To evaluate the Spanish population’s time trends in mortality due to RDs over 
three decades. This target will be achieved by selecting Huntington’s disease (HD) and 
Granulomatosis with polyangiitis (GPA). 
Objective 3: To identify geographic patterns in mortality attributed to RDs, in order to trace 
variations in mortality among spatial units throughout Spain. This objective will be tackled 







Objective 4: To describe the characteristics of heavy metal emissions to river basins, and to 
explore the possible correlation that exists between their location and the mortality 
attributed to MND, in order to help understand the etiology of this group of diseases. 
 
Methodology 
This doctoral thesis has the Spanish territory as its study framework. It covers the years 
1984 to 2016, at maximum, and uses the annual death registry provided by the National 
Statistics Institute as the basis for analysis. The decease-related data relevant to each of the 
three analyzed RDs were selected taking into account the underlying cause of death, whilst 
data relative to the heavy metal emissions to river basins were collected from the European 
Pollutant Release and Transfer Register (E-PRTR). Shapefiles containing information on 
geographic units and hydrography were downloaded from the National Mapping Agency. 
As a starting point, the suitability of the available aggregation units (municipalities, 
districts and provinces) was analyzed, by means of the epidemiological and geospatial 
comparison of different indicators, such as the Standardized Mortality Ratio (SMR), 
smoothed SMR and local indicators of spatial association (LISA).  
Secondly, regarding epidemiological mortality indicators, time trends in HD and GPA were 
analyzed by calculating age-adjusted mortality rates, and subsequently smoothed. Time 
trends were assessed by a joinpoint regression. As to the geographical distribution of 
mortality for the three selected diseases, the SMRs and their 95% confidence intervals were 
calculated. SMR is defined as the existing ratio between observed and expected deaths 
within a geographical unit. Smoothed SMR and its posterior probability were also 
calculated. The smoothing process takes into account the observed and expected values of 
the neighboring geographical units and helps identify spatial patterns of death risk. 
Lastly, the sites that release heavy metal emissions into the rivers were geocoded. In order 
to study their influence on MND deaths, we took exposed municipalities to be those 
downstream from the point of emission, within 20 km of it. The mortality of the exposed 
municipalities was compared to that of the non-exposed ones through a Poisson regression 











The modifiable areal unit problem (MAUP) proved relevant when analyzing different 
aggregation units for the study of RDs, since significant differences were found when 
comparing epidemiological indicators among the three existing units. The number of cases 
occurring due to disease was a determining factor when choosing the most appropriate level 
of aggregation. The district level (comarca) has proved the most appropriate to display the 
variability of mortality in Spain, while still displaying relevant spatial detail. 
Regarding the evolution of mortality rates for the analyzed RDs, significant time trends 
were identified in both HD and GPA within the periods of study. The mortality rate from 
HD increased annually by 3.44% (p <0.001) throughout, while that for GPA displayed an 
annual increase of 20.6% between 1984 and 1992, with a 1.91% annual increase thereafter. 
(p <0.05). The average ages of death from GPA and EH rose by 0.78% and 0.59% (p <0.05), 
respectively, within the studied timeframe. 
As for the spatial analysis of RD-related mortality, the three reference diseases showed 
geographical variability within the Spanish territory. Regarding HD, higher SMRs and 
smoothed SMRs were found in some districts to the Southwest of the peninsula. GPA posed 
an increased death risk for the inhabitants of two specific districts in the North of Spain, 
and for a further two in the South, while in the case of MND, a comparison between 
municipalities showed those located in the North to be at a higher risk of death from the 
disease than those to the South. 
The Poisson regression analysis conducted on the variation of mortality attributed to MND 
in relation to the emission of heavy metals to river basins showed that MND mortality rates 
were 18.4% higher in the exposed municipalities than it was in non-exposed ones. The 
figure remained relevant both globally and for the analyses carried out individually for each 
type of metal. 
 
Conclusions 
RDs are of increasing interest due to the high impact they have on affected patients, their 
families and society in general. Therefore, it is necessary to improve the information 
available on them through research, carried out over multidisciplinary perspectives. This 
doctoral thesis has enriched the body of knowledge on spatial variability in mortality from 
RDs, by adding a geographical approach to its analysis. Some of the difficulties presented 
by the epidemiological study of these low prevalence diseases have been analyzed. The low 
number of cases and the need for spatial aggregation have the MAUP as a consequence. 






selected RDs has been provided, as well as having explored the possible associations with 
geographic factors. The results of this study offer very valuable information for health 
planning, since they support and justify the need for preventive and assistive action in those 
areas where there have been more inequalities in the risk of death due to these diseases. In 
addition, by establishing a correlation between mortality from RDs and suspect 

















Las Enfermedades Raras (ER) son aquellas que no superan los 5 casos por cada 10000 
habitantes en la Unión Europea (UE). Se estima que podrían estar afectadas entre 27 y 36 
millones de personas por ER en la UE (entre un 6 y un 8% de la población), por lo que se ha 
convertido en un problema de Salud Pública. Las características propias de este conjunto de 
más 6000 enfermedades (heterogeneidad, bajo número de casos, dispersión de casos, 
dificultades de codificación, entre otras) hacen más difícil su investigación epidemiológica. 
En el caso de la mortalidad, de la que existen datos a nivel nacional de base poblacional y 
estandarizada en su metodología de registro, su seguimiento es de gran utilidad ya que su 
reducción es un objetivo perseguido por las políticas de Salud Pública. Los Sistemas de 
Información Geográfica, gracias a su capacidad para la integración, análisis y 
representación de datos geoespaciales, se muestran como una valiosa herramienta para 
estudiar su distribución y evolución espacio-temporal. El conocimiento de patrones 
geográficos de la mortalidad y su relación con otras variables espaciales contribuyen a 
describir de forma más precisa su epidemiología. Además, permite aportar importantes 
elementos de base a la hora de establecer relaciones causales entre factores ambientales y 
las enfermedades analizadas. 
 
Objetivos 
El principal objetivo de esta tesis doctoral es profundizar en el conocimiento de la 
mortalidad debida a ER en España desde una perspectiva geográfica y epidemiológica. Los 
objetivos específicos se detallan a continuación: 
Objetivo 1: Identificar las problemáticas actuales en la elección de la unidad geográfica para 
el trabajo con ER y proporcionar recomendaciones para escoger la unidad más apropiada 
buscando el mejor resultado epidemiológico y cartográfico. 
Objetivo 2: Evaluar las tendencias temporales de la mortalidad debida a ER a lo largo de 
tres décadas en España. Para lograr este objetivo se seleccionarán las siguientes ER: 
Enfermedad de Huntington (EH) y Granulomatosis con poliangeitis (GPA). 
Objetivo 3: Identificar los patrones geográficos de la mortalidad debida a ER para observar 
su variación entre las diferentes unidades geográficas en España. Este objetivo será 
desarrollado con las siguientes enfermedades: EH, GPA y enfermedades de la neuronas 
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Objetivo 4: Describir las características de los metales pesados emitidos a cuencas 
hidrográficas, así como explorar las posibles asociaciones entre su localización y la 
mortalidad atribuida a ENM con el fin de ayudar a entender su etiología.  
 
Métodos 
Esta tesis doctoral se circunscribe al territorio español y a un periodo máximo comprendido 
entre los años 1984 y 2016. Se utilizó como base del estudio la estadística de defunciones 
proporcionada de forma anual por el Instituto Nacional de Estadística. Se seleccionaron 
aquellos fallecimientos atribuidos a cada una de las tres ER, teniendo en cuenta la causa 
básica de defunción. Los datos de emisión de metales pesados a las cuencas hidrográficas, 
desde complejos industriales así como otras instalaciones, fueron recogidos del European 
Pollutant Release and Transfer Register (E-PRTR). Los ficheros de las unidades geográficas 
e hidrografía en formato shapefile fueron descargados del Instituto Geográfico Nacional. 
En primer lugar se analizó la idoneidad de las unidades de agregación disponibles 
(municipios, comarcas y provincias) mediante la comparación epidemiológica y 
cartográfica de diferentes indicadores como la Razón de Mortalidad Estandarizada (RME), 
RME suavizada, así como indicadores locales de asociación espacial (LISA).  
En cuanto a indicadores epidemiológicos de mortalidad, se analizó la evolución temporal de 
la EH y GPA mediante las tasas de mortalidad ajustada por edad (TAE) así como TAE 
suavizada. Las tendencias fueron evaluadas mediante una regresión joinpoint. Respecto a la 
distribución geográfica de la mortalidad para las tres enfermedades seleccionadas, se 
calcularon las RMEs y sus respectivos intervalos de confianza al 95%. La RME se define 
como el ratio entre los fallecimientos observados y los esperados en una unidad geográfica. 
También se calcularon las RMEs suavizadas y su probabilidad posterior. El proceso de 
suavizado tiene en cuenta los valores observados y esperados de las unidades geográficas 
vecinas y ayuda a encontrar patrones espaciales en el riesgo de fallecimiento.  
Por último, se codificaron las instalaciones que habían emitido metales pesados a ríos. Para 
estudiar su influencia en los fallecimientos atribuidos a ENM, se consideraron municipios 
expuestos aquellos que estaban incluidos 20 kilómetros aguas abajo desde el punto de 
emisión, y se comparó la mortalidad con los no expuestos mediante un modelo de regresión 
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Resultados 
El Problema de la Unidad Espacial Modificable (PUEM) se mostró relevante al analizar 
diferentes unidades de agregación para el estudio de las ER, ya que se han encontrado 
diferencias significativas al comparar indicadores epidemiológicos entre las tres unidades 
de análisis. El número de casos por enfermedad es determinante para elegir el nivel de 
agregación, siendo el nivel comarcal en España el que mejor muestra la variabilidad de la 
mortalidad manteniendo un buen detalle espacial. 
Respecto a la evolución de las TAE de mortalidad para las ER analizadas, se han observado 
cambios significativos en las dos enfermedades analizadas (EH y GPA). La TAE para la EH 
se incrementó anualmente un 3,44% (p<0,001) durante todo el periodo, mientras que en 
GPA se detectó un incremento anual del 20,6% desde 1984 hasta 1992 y, posteriormente un 
descenso del 1,91% (p<0,05). Tanto para GPA como EH, la edad media de fallecimiento 
aumentó un 0,78% y un 0,59% anual (p<0,05) durante sus respectivos periodos de estudio. 
Respecto a la mortalidad espacial, las tres ER estudiadas mostraron variabilidad en el 
territorio español. En EH se encontraron RME y RME suavizadas más altas en algunas 
comarcas del suroeste peninsular. Para GPA se encontró un mayor riesgo de fallecimiento 
en dos comarcas del norte y dos del sur. En el caso de ENM, se encontró un mayor riesgo de 
defunción en municipios localizados al norte del país en comparación con municipios 
situados en la mitad sur. 
En el análisis de regresión de Poisson de la variación de mortalidad por ENM y emisión de 
metales pesados a cuencas hidrográficas, se encontró que la mortalidad por este grupo de 
enfermedades fue un 18,4% mayor en los municipios expuestos que en los no expuestos, 
tanto de forma global así como en los análisis individuales por tipo de metal. 
 
Conclusiones 
Las ER suscitan cada vez mayor interés debido al alto impacto que tienen sobre los 
pacientes afectados, familiares y sociedad en general. Por ello, es necesario mejorar la 
información disponible mediante la investigación a través de perspectivas 
multidisciplinares. Esta tesis doctoral ha enriquecido el conocimiento de la variabilidad 
temporal y espacial de la mortalidad atribuida a ER añadiendo un enfoque geográfico. Se 
han analizado algunas de las dificultades que presenta el estudio epidemiológico de estas 
enfermedades poco prevalentes debido al bajo número de casos y la necesidad de 
agregación espacial que provoca como consecuencia el PUEM. También se ha aportado 
información relevante sobre la variabilidad temporal y geográfica de la mortalidad para las 
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resultados de este estudio ofrecen una información muy valiosa para la planificación 
sanitaria, ya que apoyan y justifican acciones de prevención y de asistencia en aquellas 
zonas donde se han detectado más desigualdades en el riesgo de defunción debido a estas 
enfermedades. Además, al relacionarlo con factores ambientales sospechosos se ofrecen 
pistas para futuros estudios que puedan ahondar en el descubrimiento de las causas que 






















This introduction summarizes the state of the art of the geographic analysis of mortality 
attributed to Rare Diseases (RD). The evolution of the relationship between geography and 
health and how they have increasingly converged from the time of the ancient Greeks to the 
present day will be commented here. At present, Health Geography is a growing research 
discipline on which Geographic Information Technologies (GIT) plays a key role. 
Simultaneously, epidemiology has also benefited from this integration and from the 
introduction of new procedures and techniques to analyze issues concerning geographic 
space. A brief allusion to the concept of epidemiology is essential in understanding the term 
of RD, which refers to a joint of diseases counted by the thousands. For the purpose of this 
thesis, three of them have been selected and are briefly described in this chapter. Finally, 
this introduction also includes the justification of this doctoral thesis, the hypothesis 
established and the proposed objectives. 
 
1.1 From Medical Geography to Health Geography 
This section comprises a brief summary of the evolution of the interaction of geography and 
health throughout history which is mapped out in Figure 1. The relationship between the 
disciplines of medicine and geography is very ancient and was born as a way of associating 
the habitats (geographical component) with the pathogens (medical component). The 
Greek philosopher Hippocrates wrote one of the most celebrated medical works called Air, 
Water and Places in the 4th century BC [Hippocrates et al 1752]. This medical piece of 
writing introduced the concept of environmental theory based on physiology, in which the 
physical space was fundamental in the internal balance of temperaments, leading to 
diseases and death [Cruz-Coke 1999]. This thought being adopted by the Greek 
philosopher, geographic place is a key element in understanding health and disease. In so 
doing, the geographic characteristics such as the topography, climate, and atmosphere in 
which a person lives should be analyzed in order to prevent certain diseases [Jori 2013]. 
The environmental tradition remained during centuries as a basis for what is known as 
Medical Geography. This subdiscipline can be described as the study of the physical and 
social environment and its relationship with pathological problems being hygiene, 
sociological and geographical empirical research and urban space-related problems its 
main topics [Lyseen et al 2014]. However, the definitive development of Medical 
Geography took place during the Enlightenment thanks to its institutionalization and to the 
disciplines of geography and medicine merging together into a subdiscipline [Urteaga 
1980]. During the Enlightenment, the studies known as medical topographies and 
associated to hygiene theories, flourished in the European continent. Medical topographies 
were studies taking place in specific geographical places from a hygienic-sanitary 




perspective which comprised physical descriptions (situation, climate, soil, and 
hydrography), biological environment, historical background, information about 
inhabitants, dominant pathologies and disease distribution [Solís 2001]. Aligned with the 
progressive implementation of the scientific reasoning in the 19th century, new research 
lines and the enlargement of scales of analysis were deployed. This led to the publications of 
numerous works on mapping of diseases establishing a causality link between geographic 
and pathologic factors.  
 
 
Figure 1. Main milestones in the development of Medical Geography. 
 
The first epidemiologically relevant map is attributed to Seaman, which showcased a map 
of the incidence of yellow fever in New York in 1798. However, he cannot be considered the 
father of spatial epidemiology because he was a strong supporter of the miasmatic theory 
[Garfield 2013]. This obsolete medical theory attributed the epidemiological diseases to 
miasma, or in other words, bad air emanating from rotting organic matter [Urteaga 1980]. 
At that time, there was an important development of maps of diseases. For example, 
Schnurrer published the first global map of the distribution of human diseases in 1827, 
considered a milestone for geography in the health field [Brömer 2000]. Shortly after, 
Medical Geography started acquiring a scientific basis. The treatises of Snow, Lombard, 
Boudin or Hirsh became highly relevant before the end of the 19th century. 
John Snow’s work deserves a special mention as he is considered one of the founders of 
modern epidemiology. Snow studied several epidemic cholera outbreaks that were 




devastating London in the 1850s. He associated the location of water wells with the deaths 
due to cholera. The value of this study is rooted in the location map showing water wells 
and death events. When people stopped drinking from suspect water wells, deaths fell down 
dramatically. What is more remarkable is that he introduced the concept of place in 
epidemiological studies [Snow 1855, Bonita et al 2006]. 
Decades after, the discovering of microbial agents of the diseases resulted in a loss of 
interest in studies relating environmental influences and human health. Pioneer 
geographers in Human Geography such as Ratzel or Vidal de la Blache did not show almost 
any interests for Medical Geography. The geographer Bhrunes demanded a greater 
presence of health topics in geographical studies, noticing the scant interest in the first 
decades of the 20th century [Deffontaines 1926]. In 1949 the International Geographical 
Union (IGU) created the Commission on Medical Geography in the Lisbon Congress in 
order to give a greater institutional coverage to this subdiscipline and to promote dialogue 
and collaboration among researchers. In the same decade, the World Health Organization 
(WHO) (1946) defined the concept of health in its constitutional document as “a state of 
complete physical, mental and social well-being, not merely the absence disease or 
infirmity”. This definition conveys a holistic understanding of the concept as well as a need 
to tackle it from a multidisciplinary perspective. In this way, the importance of geography 
in explaining and understanding the balance between health and disease is evident, as 
geography studies the relationship between humans and their environments. 
Between the 1950s and the 1960s a quantitative revolution took place, considering 
geography as a spatial science and seeking to develop systematic methodologies. This 
revolution was possible when new statistical and mathematical techniques, theorems and 
proofs were introduced in geographical research [Burton 1963]. In relation to health, the 
Swedish geographer Torsten Hägerstrand tried to explain the spreading of diseases through 
models based on laws [Carter 2016]. From then on, the evolution of Medical Geography 
might be divided into three approaches according to the problems that the world faced at 
that moment, namely the ecological, the spatial and the social approach. Spatial studies 
together with time-trend studies acquired relevance in order to analyze location patterns of 
indicators such as mortality or morbidity. These studies were aimed at contributing to the 
spatial understanding of epidemics and infectious diseases, particularly in underdeveloped 
countries [Jori 2013]. 
From the 1970s, studies in developed countries focused not only on non-infectious diseases 
as cancer, but also on infectious diseases such as influenza or tuberculosis. At the Moscow 
Congress, the IGU Commission changed the name of Medical Geography to Health 
Geography in 1976. Verhasselt (1993) summarized the concept as follows: Health 




Geography encompasses the disease ecology (study of the spatial morbidity and mortality 
patterns) and the care delivery (grouping the study of distribution and planning of health-
care services). In line with the definition above, Health Geography not only focuses on 
quantitative methods but also pays attention to diseases related to the anthropogenic 
influence over the environment, inequalities at a global level or risk habits. Under this more 
integrative definition, Health Geography acquires a social perspective as well. At first 
glance, it may seem that the objectives of Health Geography overlap with those pursued by 
Public Health, however there are some differences concerning the concept of place. 
Anthamatten and Hazen (2001) pointed out that place responds not only to the location 
where an event occurs but also the reason that propels it. Thus, a quantitative and 
qualitative integrated approach is necessary when conducting research. Health Geography, 
as a subdiscipline of Human Geography, acquired remarkable prestige in recent decades as 
shown by the numerous research lines and existing publications [Anthamatten and Hazen 
2011, Gatrell and Elliot 2014, Emch et al 2017, Brown et al 2018]. 
In the 21st century, advances on GITs facilitated the takeoff of geovisualization linked to the 
internet, benefiting classic cartography and mapmaking processes [Cauvin et al 2010]. The 
use of RDs mortality indicators in disease mapping is one of the basis of this doctoral thesis, 
together with the panoply of techniques provided by the GITs. 
Nowadays, Health Geography is a consolidated field of study and its results are taken into 
account by politicians to implement health policies. Carter (2016) highlighted two main 
reasons to explain the rise of Health Geography in the last decades. On the one hand, health 
systems and academic institutions promote interdisciplinary frameworks, especially those 
related to Public Health (preventive medicine, health promotion or surveillance among 
others), which are therefore associated with geography. On the other hand, there has been a 
sharp increase of economic and human resources invested on Public Health, not only in 
developed countries but also in underdeveloped ones. Concerning the later, it is worth 
noting the support provided by private foundations and international organizations, to 
which incentive interdisciplinary frameworks, and geography can offer tools to analyze 
health problems. 
The historical development of the relationship between geography and health in Spain has 
been similar to that seen in the rest of the European countries, although it occurred at a 
slower pace. Problems about hygiene rose considerable interest. Medical topographies had 
a great takeoff after the 18th century as it happened in other countries. This type of studies, 
thoroughly examined by Solís (2001) and Urteaga (1980), emphasized geographical 
elements rather than disease outbreaks so as to promote health preventive measures and 
remedies to improve the health of the individuals. More than 250 documented medical 




topographies focusing on Spanish cities and regions were published between the 19th 
century and the beginning of the 20th century. Undoubtedly, scientific institutions, medical 
academies and the development of hygiene theories played a key role in the emerging 
medical topography reports. Medical Geography paid attention to problems of public 
hygiene as well as to the necessity to link the environment and social contexts to 
pathological processes as a field of research. Within the Spanish context, Iglesias Díaz 
(1886) provided another comprehensive definition of Medical Geography as the “study of 
the telluric, atmospheric or other modifiers that influence human life, births and deaths, 
health, diseases and reason, nature and treatments”.  
The hygienist movement dominated Spain until the 1950s, when the link between 
geography and health went into decline. It was not until 1992 that Olivera (1992) 
systematized the contents of Health Geography in a comprehensive work. From the 1990s 
onwards, and thanks to the advent of Geographical Information Systems (GIS) and their 
application in health studies, the situation has changed. A set of publications and reports 
has emerged, focusing mainly on environmental health, health services and disease 
mapping [López-Abente et al 2001, Benach et al 2001, Aránguez-Ruiz et al 2005, 
Aránguez-Ruiz et al 2012]. For the purpose of this doctoral thesis, disease mapping work 
will be described as the estimation and summary of different health indicators such as 
description, hypothesis generation, location of natural resources, assessment in health 
inequalities and observation of risk variations, to get a global focus in the epidemiological 
analysis [Olivera 1992]. Disease mapping is currently present in numerous epidemiological 
projects thanks to the consolidation of GIS and the availability of mathematical models in 
specialized software programs [Ocaña-Riola 2010]. 
This summary has brought forth the evolution of geography at a European and Spanish 
level and the progressive integration of geography in the health field. From the second half 
of the 20th century, GITs and multidisciplinary work have proved to be fundamental in 
explaining the current situation. Geographers and health practitioners have improved their 
knowledge on the spatial distribution diseases, which has an impact in prevention tasks and 
in the generation of plans to benefits the health of populations.  
  




1.2 Adoption of Geographic Information Technologies in health 
studies 
Until the 1950s, health studies focused on the use of classic maps of health reports in paper 
format [Boelaert et al 1998]. The geographer Wright, member of the American 
Geographical Society, was able to predict the future necessities of cartography in terms of 
the advent of computers. In his research, it was highlighted that computers would create 
new opportunities associated to data management, new technical analysis and 
improvement in visualization. The development of operational GISs or GITs had a 
paramount role in the evolution of the relationship between geography and other scientific 
fields of research [Bosque-Sendra 1997]. In the 1960s, Roger Tomlinson developed the 
CGIS (Canadian Geographical Information Systems), the first GIS. It was aimed at using 
the computers to obtain information related to maps and to inputting geographic 
information. CGIS focused on the handling and the data analysis of the Canadian forest 
inventory in a digital format to manage rural areas. In the same way, it was meant to be a 
tool to integrate information from other data sources as the Census [Tomlinson 1973]. 
Meanwhile, new tools and techniques for mapping and map analysis of problems related to 
resources assessment, land-use evaluation and planning were developed in other countries 
[Olaya 2016]. Some examples of institutions implementing these tools are the Harvard 
Laboratory (United States) and the Experimental Cartography Unit (United Kingdom), 
which also developed GIS software during the 1960s [Liebenberg and Demhardt 2012]. 
Successively, the inclusion as a work tool in local and national agencies, the commercial 
development, and finally the growing and massive interest by institutions and researchers 
at a global level made the consolidation of GITs in a wide sort of disciplines and 
applications possible [Santos-Preciado 2004].  
The integration of GITs in Public Health studies has occurred following the same line, 
resulting on an improvement in the quality and quantity of epidemiological studies in lines 
of research as health planning, access to health care, logistics, spatial differences or health 
in general [Shaw and McGuire 2017]. This is because GIS has been proven as an essential 
tool in the health sector to improve the health of populations due its capabilities to carry 
out operational needs rapidly and to help in decision making [Escobar 2001]. 
The advantage of adopting GITs in health had enabled a better integration of health data 
and cartography, the study of spatial and temporal patterns, the study of spatial risk of 
diseases and the association with environmental factors at different scales [Fletcher-Lartey 
and Caprarelli 2016]. Shaw and McGuire (2017) defined the concept of Health GISs as “the 
integrated systems containing tools for managing, inquiring, analyzing and presenting 
spatially-referenced health data”. In addition, the field of research of GITs in epidemiology 




and Public Health is wide. Dummer (2008) divided it in seven areas as follows: (1) services, 
infrastructure and land-use planning, (2) surveillance, modelling and mapping, (3) etiology 
of diseases, (4) assessment of environmental risk factors in health, (5) use of health 
services, (6) health inequalities, and (7) therapeutic and healthy landscapes. The increment 
of GITs in health research over the past decades and up to this day is clear, as the great 
adoption by the community of researchers and the growing number of available academic 
publications has demonstrated [Lyseen et al 2014, Shaw and McGuire 2017, Nykifourk and 
Flaman 2011]. Geographic place has become a basis in Health GISs studies, being proven 
as a bridge to obtain evidences and as a point of support for policy and decision makers as 
well as practitioners in the development of actions in Public Health. The success of GITs in 
health can be seen in numerous journals, papers and in the proliferation of kind of atlases 
displaying geographic information related to health [WHO 2008, Eurostat 2009, Timmis et 
al 2017].  
The benefits of GITs in health science have also had tangible achievements for the scientific 
community in Spain. At the level of journal publication, there has been a growing interest 
as demonstrated by some examples such as Serie Geográfica (edited by the University of 
Alcalá). In its special issue dedicated to the application of GITs in health, topics ranged 
from health atlases, implementation of GIS in environmental health studies, the use of 
remote sensing to mapping diseases or the use of GIS to monitor disease outbreaks [Glover 
et al 2005, Laffly and Handschummacher 2005, Ramírez 2005, Escobar et al 2005]. In 
addition, it is also remarkable the work done about mortality studies and about cancer 
disease both in the creation of atlases and in many publications accounting with 
geographical analysis of associations of environmental factors and diseases [Benach et al 
2007, López-Abente et al 2007, Benach et al 2013]. 
The merging together of GITs and health research is reflected by the existing broad 
catalogue of disease mapping publications, which also contains interactive websites 
enabling to display geographic information quickly and easily. Some examples of interactive 
web with maps displaying geographic data are listed below: 
- International Cancer Atlas website, developed by the American Cancer Society, 
WHO and the Union for International Cancer Control: 
http://canceratlas.cancer.org/data/#?view=map 
- National estimates of cancer incidence and mortality in 2018 provided by the 
European Cancer Information System, European Commission: 
https://ecis.jrc.ec.europa.eu/# 
- Surveillance atlas of infectious diseases provided by the European Centre for 
Disease Prevention and Control: https://atlas.ecdc.europa.eu/public/index.aspx 




- Interactive Epidemiological Information System provided by the National Center 
for Epidemiology, Instituto de Salud Carlos III (ISCIII), Spain: http://ariadna.cne.isciii.es/ 
 
1.3 Epidemiology and Rare Diseases 
The raising awareness about RDs by the scientific community, society and policy makers 
has generated the need for describing these low prevalence diseases from a medical and 
social point of view. Likewise, the particular features and the huge number of these rare 
conditions have resulted in the creation of diverse organizations and institutions engaged 
exclusively in health research, studying their epidemiology or the hunt of treatments of 
RDs. The following sections will describe these diseases, they will briefly summarize the 
main institutions and research lines that deal with them and they will present the RDs 
selected for this doctoral thesis. 
 
1.3.1 Definition of Rare Diseases 
The European Union (EU) defines RDs as those affecting not more than 5 people per 
10,000 inhabitants within the UE. This definition also includes a strategic and common 
action plan that should be carried out for diseases under this threshold [Decision No 
1295/1999/EC, de Vrueh et al 2013]. It may be added that RDs not only refer to the rarity, 
but also to the debilitating and the life-threatening nature of these diseases. The choice of 
this number of cases as maximum refers to pharmaceutical investment. When below 5 
patients out of 10,000 people, the pharmaceutical industry may not find profitable to 
develop new drugs. This threshold has not a worldwide scope, since Japan and Australia set 
the limit in 4 cases per 10,000 inhabitants while United States considers a disease as rare 
when the total number of affected patients is lower than 200,000. If the EU would have 
chosen an absolute number to define the RDs, an update should be carried out due to 
population variations with the addition or dropouts of countries [Posada et al 2002]. 
Low prevalence diseases is the technical term to describe RDs, however it was not 
attractive for the general public, hence the adjective rare was adopted. The Federación 
Española de Enfermedades Raras (FEDER) assumed the term RD as well as the patients, 
mass media and public at large during the 1990s. Today, RD is a transversal definition 
which includes a wide number of diseases affecting people and their families, with a low 
risk of stigmatization associated. However, the term of infrequent diseases has also been 
taken up in recent times [Posada et al 2016]. 




The precise number of RDs is unknown and it is based on estimations. More than 8,000 
RDs have been declared and, between 25 and 30 million people (6-8%) of the European 
population might be affected by a RD throughout their lives. There are estimates that 
already extend the range to between 27 and 36 million [Groft and Posada 2017]. The 
pathologies are diverse, as well as their clinical characteristics, etiology, physiopathology, 
disease evolution, effects on the patient, treatments and interferences with other diseases 
[Le Cam 2014]. Despite the diversity of RDs, some common features can be outlined: 
(1) RDs are serious or critical diseases, chronic, degenerative with life-threatening in 
many occasions. 
(2) Most RDs have an early onset in the first years of life. 
(3) They are debilitating diseases making it difficult for patients to lead a normal life. 
(4) In general, RDs are incurable and the procedures only involve treatment of 
symptoms and palliative care. 
(5) Should there be treatments for RDs, patients and families find it difficult to access 
them. 
(6) There is a heterogeneity and geographic dispersion of patients which makes it 
harder to complete robust studies in small populations. 
 
Hence, the particular characteristics of RDs make the integration with other disciplines 
more complicated. In the case of the adoption of TIGs in RDs studies, this integration has 
been much weaker than in more common diseases or more prevalent pathologies. However, 
in the last decades several steps have been taken, achieving growing interest. The National 
Atlas of Rare Diseases 1999-2003 is particularly remarkable in Spain, as it was developed at 
the provincial level. Other epidemiological reports including disease mapping focused in 
Autonomous Communities (AC) as Comunidad Valenciana (by municipalities) or Region of 
Murcia (by health areas) also deserve attention [Arizo-Luque et al 2005, Botella-Rocamora 
et al 2006, Titos-Gil et al 2011, Mira-Escolano et al 2018].  
In any case, RDs have become a differentiated group and they suppose a challenge for other 
disciplines. Due to this, a growing interest by the scientific community and Public Health 
politicians has arisen. 
  




1.3.2 Rare Diseases research 
RDs pose particular challenges to patients who are affected, to the clinicians who diagnose 
and take care for them, and to the researchers who are studying their conditions. To this 
day, there is a significant level of funding in RDs research in developed countries as it is 
demonstrated in numerous consortiums at European and at international level, 
multidisciplinary projects and platforms that ensure the collaboration among patients, 
institutions and researchers.  
For many decades, research on RDs has suffered from the atomization of scientific groups, 
companies, funders and the lack of treatments, in part arisen from the complexity of 
addressing this group of diseases. All this led to the creation of the International Rare 
Diseases Research Consortium (IRDiRC), in order to promote global partnerships and to 
advance in RDs knowledge by involving national and international governmental 
institutions, non-profit funding bodies companies, patient advocacy organizations and 
scientific researchers at worldwide level [Lochmüller 2017]. The 2020 IRDiRC objective of 
achieving 200 new therapies and means to diagnose RDs has been already reached. New 
RD research goals for the next decade have been defined (2017-2027), aimed at improving 
the medical attention and therapies for patients and their families. 
Another remarkable initiative is the European Joint Programme on Rare Diseases (EJP-
RD, http://www.ejprarediseases.org/). EJP-RD is an inclusive initiative launched in 2019, 
participating more than 130 institutions of 35 countries. Its goal is to promote a connecting 
research, health care and innovation in the RDs field and to develop efficient models of 
financial support. The EJP-RD actions can be summarized in four main pillars: research 
funding, coordinated access to data and services, strengthening of capacities and accelerate 
translation of research projects and clinical trials. 
Regarding national actions, Spain was one of the first countries launching initiatives of RDs 
investigation at a national level. Among other initiatives, the ISCIII created the Institute for 
Rare Diseases Research (IIER, Instituto de Investigación de Enfermedades Raras) as the 
center to promote research, training, innovation and health planning in RDs in 2003. 
Additionally, the CIBER (Centro de Investigación Biomédica en Red, 
https://www.ciberisciii.es/) with the specific area of CIBERER, devoted to RDs, undertakes 
transversal research programs focused on those rare conditions. Finally, both the IIER and 
the ISCIII created the Spanish Patient Rare Diseases Registry (Registro de Pacientes de 
Enfermedades Raras, https://registroraras.isciii.es/Comun/Inicio.aspx) and the BioNER 
(Biobanco Nacional de Enfermedades Raras, http://bioner.isciii.es). BioNER provides 




access to harmonized data and biological samples, representing a key support for Spanish 
RDs research.  
 
1.3.3 Rare Diseases epidemiology 
Epidemiology began to be used at the end of the 19th century as a powerful tool to 
understand the distribution of infectious diseases. Epidemiology is defined as the study of 
the distribution and determinants of health-related states or events in specified 
populations, and the application of this study to the prevention and control of health 
problems [Last 2001]. At the same time, epidemiology is currently an essential part of 
Public Health, whose goal is to develop collective actions leading to improve the health of 
populations. An epidemiological study tries to answer to the characteristics and 
determinants of a disease affecting the population. Descriptive epidemiology is oriented to 
respond to the what (health issue of concern), who (person), when (time) and where 
(place) about a disease. Those questions being answered, analytic epidemiology tries to 
ascertain the disease etiology (cause) [Bonita et al 2006]. Epidemiological studies have as 
their main task Public Health surveillance, research, analytical studies, evaluation, linkages 
and support policies development [Dicker et al 2006]. National studies of epidemiological 
surveillance have a strong presence with the use of morbidity and mortality data, especially 
in the case of infectious diseases. This surveillance is aimed at detecting risk situations in 
the health of populations, monitoring epidemiological characteristics, and carrying out 
preventive and controlling interventions. 
Due to their particular characteristics, the study of RDs is an additional challenge in the 
field of Public Health, as it seeks to improve the health of populations. The classification 
and codification of diseases suppose an important challenge for researchers when facing 
RDs, and therefore this is a fundamental first step to carry out epidemiological studies. 
Classifications of diseases are geared towards common diseases, and if a disease is not 
included in some classifications (as it occurs with many RDs), it will not have visibility in 
health information systems in terms of counting, temporal trends, and geographic 
distribution or to compute cost burden [Posada et al 2010]. 
In general terms, RDs can be classified following different criteria. For example, they could 
be divided into congenital and non-congenital according to the onset of the disease. Also, 
they can be classified depending on the cause: genetic, environmental, multifactorial or 
unknown cause. As RDs pathologies are various, the criteria are compatible in many cases, 
and their implementation depends on the foreseen objectives [Posada et al 2016].  




The codification of diseases is widely regulated by the International Classification of 
Diseases (ICD), which is carried out by the WHO, being the bedrock for clinical coding and 
mortality data. It is structured in chapters according to the type of disease or system 
affected [WHO 2011]. ICD 9th revision (ICD-9) was used to codify the cause of death from 
1981 to 1998 in Spain. ICD 10th revision (ICD-10) is used to codify the cause of death since 
1999 to this day. Not all countries have adopted the same classification over the same 
period of time, finding it hard to establish a comparison among countries. ICD-10 only 
includes 300 RDs, each of them having their own code, whereas varying situations are 
given to the rest. Some difficulties that may affect the coding of RDs are (1) the attribution 
of the same code to more than one RD, (2) the lack of code of a RD, (3) the use of different 
codes for the same RD according to its interpretation, or (4) the possibility that the disease 
affects multiple body systems (problems to allocate it in only one chapter) [Posada et al 
2016]. There has been an improvement in the codification of RDs in ICD-10 in respect to 
the last revision whose list only included 100 RDs with their own code. The new 
classification of diseases (ICD-11) is expected to gather codes of more than 5,000 RDs 
[Aymé et al 2015]. Apart from the ICD, there are other specific classification systems for 
RDs such as Orphanet, which is based on multiple-entry codes called Orpha [Orphanet 
Report Series 2019]. 
The correct identification and codification of diseases is essential to carry out 
epidemiological studies about RDs morbidity and mortality. To reduce RDs mortality— 
which is high in both pediatric and elderly groups due to their chronicity—, it is key to 
identify and monitor health indicators both in time and space. However, the problems in 
codification for the majority of RDs make work with mortality or other statistic indicators 
harder since most of the studies are oriented to more common diseases. Nonetheless, 
information provided by mortality registries shares a number of characteristics that prove 
its usefulness for RDs research: (1) they are uniform and codified following the ICD 
classification (with continuity of data despite the revisions), (2) they are universal and 
population-based data (this allows comparison in space and time), and (3) they enable the 
analysis of diseases using the underlying cause of death [Arias-Merino et al 2017]. 
  




1.3.4 Description of Rare Diseases analyzed in this doctoral thesis 
Currently, there are between 6,000 and 8,000 RDs identified, characterized by being a 
heterogeneous group of pathologies with different clinical characteristics and etiology 
[Posada et al 2016]. This means that global studies are challenging and sometimes it is 
preferable to focus on individual or specific RD groups. RDs selected in our study had to 
fulfill a number of pre-established requirements: 
- Being codified in classification systems and maintaining a consistency with a single 
code equivalence between the ninth and tenth edition of ICD, thus allowing a long-term 
period analysis. 
- Accounting for enough number of deaths throughout the Spanish territory in order 
to obtain powerful statistical results after epidemiological calculation. 
- They had to be RDs in which geographic analysis at a great level of detail would be 
of great interest for researchers, health professionals and affected patients. 
- Being suspected to have an environmental factor influencing the disease etiology. 
A brief clinical and epidemiological description of the three diseases we have selected for 
our study is presented below. 
 
Huntington’s disease 
Huntington’s disease (HD) is a rare neurological disorder with a genetic basis and 
autosomal hereditary dominant whose etiology is still unknown [Pupo et al 2013, Bates 
et al 2015]. The most frequent symptoms affect the motor system, cognitive deficit 
characterized, psychiatric and behavioral disturbances, appearing any of these 
symptoms in indifferent order [Walker 2007]. The manifestations of HD generally occur 
in the fourth decade of the patient’s life [Orth and Schwenke 2011]. 
The progression of HD leads to growing dependence in patient’s daily lives with death 
occurring, even in some cases due to pathologies associated to this RD (such as 
pneumonia, heart disease or suicide) [Farrer 1986, Dorey et al 2012]. To date, it was not 
found an effective treatment and drug therapy is limited to symptoms treatment, such as 
chorea, depression or anxiety. The majority of HD patients affected are close relatives of 
people affected, so there are few new isolated cases. In this way, the propagation to 
successive generations can be prevented by the correct genetic counselling [Ramos-
Arroyo et al 2005]. 




In recent years, the identification of affected patients has improved as well as the patient 
registries. However, population-based studies are still scarce. According to the 
prevalence and incidence, the HD distribution shows higher rates in North-America, 
Oceania and Western Europe, while lower rates in Asia [Pringsheim et al 2012]. 
Mortality population-based studies have been carried out in a few countries at a national 
level [Ekestern and Lebhart 2005, Sipilä et al 2015]. In Spain, the analyses of HD 
mortality are limited to temporal studies but geographical studies had not yet been 
carried out [Ramalle-Gomara et al 2007]. 
 
Granulomatosis with polyangiitis 
Formerly known as Wegener’s Granulomatosis, Granulomatosis with polyangiitis 
(GPA) is a systemic disease characterized by an inflammation of the blood vessels 
leading to tissue death. The apparition of necrotizing granulomas is the most frequent 
clinic characteristic [Martínez-Morillo et al 2012]. GPA can be diagnosed using a test in 
which positive levels of anti-neutrophill cytoplasmic antibodies (ANCA) are yielded. Left 
untreated, this disease has a life-threatening development in three or four years, mainly 
due to renal affectation. The treatments with cyclophosphamide, corticoids and 
rituximab have a high cure rate in affected patients (approximately the 95%) [Phillip et 
al 2008, Tavakolpour and Alesaeidi 2019].  
The etiology of this disease is still unclear, although there are suspicions about the 
combination of a genetic predisposition and environmental triggers. There are a wide 
variety of studies relating GPA rates with geographic or environmental factors, such as 
the seasonality in the onset of GPA, urban versus rural differences as well as migration-
related studies [Mahr et al 2006]. 
Epidemiological data about GPA show relevant geographic differences in the incidence 
and prevalence rates. Such rates are usually higher in Northern European countries than 
in Southern ones [Mahr et al 2006]. In Spain, until the publication of one article 
included in this doctoral thesis, mortality studies at a national level have not been yet 
carried out, either with temporal assessment or geographic analysis. 
 
Motor neuron diseases 
Motor neuron diseases (MND) are a group of neurodegenerative disorders, unknown 
etiology, characterized by a progressive loss of motor neurons in the motor cortex, and 
damage in the brainstem as well as in the spinal cord [Kiernan 2018]. MND, as other 




related diseases as Alzheimer or Parkinson, are determined by the degeneration of nerve 
cells. The amyotrophic lateral sclerosis (ALS) is the most known and frequent pathology 
of MND, which affects more than 85% of patients [Ingre et al 2015]. It is a debilitating 
disease, with a progressive course and drastic outcome in short-term. There is no cure 
for MND and the treatments are based solely on palliative measures, patient support and 
rehabilitation aimed at improving the patient’s quality live [Miller and Appel 2017, 
Arias-Merino 2017]. 
Risk factors are not clear, but these diseases have been associated to ageing, masculine 
gender, family history, or the mutation of a certain gene related with this RDs group 
(C9ORF72 and SOD1 genes) in several specific geographic areas [Ingre et al 2015, Arias-
Merino et al 2017]. 
Epidemiological indicators show a higher prevalence and incidence in North European 
countries than in Southern ones [Chiò et al 2013]. However, there is still a lack of studies 
at a national level since they used to be focused on regions, cities or provinces [Alonso et 
al 2011,]. MND mortality and incidence indicators are similar, which is advantageous in 
order to study it. The reason of their being similar is these diseases’ quick progression 
from the moment of diagnosis to the death of the patient. 
 
1.4 Justification 
One of the goals of Public Health has always been the understanding the inequalities in 
mortality and its causes, both in spatial and temporal terms. For this purpose, national 
population-based death registries have been proved as a very useful inventory for mortality 
studies thanks to their standardized methodology and to their covering long periods of 
time. At the same time, RDs are a complex and understudied phenomenon in Spain despite 
the fact that they account for more than 6,000 different diseases and it is estimated that 
they may affect more than 3 million people in Spain. Overall, RDs usually present high 
chronicity and mortality in affected patients, which generates high costs of treatment and 
care for the public health system, as well as for patients and families. Hence, there is a 
pressing need to improve knowledge on RDs at every possible level.  
At the same time, it is known that geography studies the relationship between individuals 
and the environment in which they live. As a result, its essential role in understanding the 
possible environmental factors that may be influencing mortality due to these rare 
conditions is clear. However, from an epidemiological point of view, RDs have not yet been 
analyzed through an extensive use of GIS. Thanks to their diverse possibilities to integrate, 
analyze and represent geospatial data, GIS can allow a better understanding of the 




variability of mortality attributed to RDs. Although in many cases the etiology of RDs is still 
unknown, revealing spatial patterns may help to elucidate environmental factors that 
explain the distribution of mortality in the geographic space and ascertain the causes of 
disease. This thesis dissertation focuses on the analysis of three low prevalence diseases 
(HD, GPA and MND) which were selected according to the criteria described in the 
previous section.  
Finally, this doctoral thesis justifies the identification of spatio-temporal inequalities in 
mortality attributed to RDs throughout the Spanish territory and its possible causes. In so 
doing, it will help organizations, professional and health politicians carry out actions aimed 
at reducing mortality. 
 
1.5 Hypothesis 
As socio-economic conditions are similar throughout Spain and the National Health System 
works equally in the whole territory, the spatial differences found in RDs mortality rates 
might be related to either individual factors or environmental conditions. Moreover, some 
factors such as the increment of life expectancy, better treatments and health care, and 
improved diagnosis suggest that RDs mortality rates should have experienced a decline 
during the past decades. 
 
1.6 Main aim and specific objectives 
The overarching aim of this doctoral thesis is to enhance knowledge on mortality attributed 
to RDs using Geographic Information Systems and epidemiological analysis tools with the 
purpose of checking the given hypothesis and making a contribution to the RDs field. This 
main aim can be disaggregated in the following four specific objectives: 
 
Objective 1: To identify the current problematic in the choice of geographic units of 
representation when working with RDs and to provide recommendations for the election of 
the most appropriate unit so as to obtain a better epidemiological and cartographic result. 
To achieve this purpose, Huntington’s disease will be selected as an example of RD. This 
objective will be developed in Chapter 3. 
 
Objective 2: To evaluate the time trends on mortality attributed to RDs in Spain over 
three decades. This objective will be achieved by selecting Granulomatosis with polyangiitis 
and Huntington’s diseases, and it will be developed in Chapters 4 and 5 respectively. 




Objective 3: To identify geographic patterns in mortality attributed to RDs in order to 
observe variations in mortality among spatial units through the Spanish territory. This 
objective will be tackled with the following three RDs: Granulomatosis with polyangiitis, 
Huntington’s disease and Motor neuron diseases. The attainment of this objective can be 
found in Chapters 4, 5 and 6. 
 
Objective 4: To explore the association between RDs mortality and pollutant emissions 
using the existing scientific literature as a starting point. To achieve this objective, location, 
activity, type and quantity of heavy metals emitted to river basins exceeding the annual 
thresholds set by the E-PRTR will be described. The attainment of this objective will deepen 
our knowledge on the associations between mortality attributed to motor neuron diseases 





















This doctoral thesis is heavily supported by the use of diverse data sources and by the 
application of tools and techniques both from the area of GITs and epidemiology. This is 
geared to obtain results about the health status of populations concerning to mortality 
attributed to RDs in Spain. For this reason, on the one hand it has been necessary to collect 
data from a wide variety of national agencies and, on the other hand, to use specific 
software provided by several enterprises. All of this will be conducted in this Chapter.  
 
2.1 Data sources 
As a part of the methodological process, this thesis has invested a great deal of effort in 
collecting data from various sources such as organizations and national administrations. 
Despite being secondary, the data of our studies are highly reliable as they belong to official 
information sources. Furthermore, they are very stable over time and publicly accessible. 
The data used in this doctoral thesis can be classified depending on spatial or thematic 
features (which constitutes the geographic information). The management and integration 
of all of them are possible thank to the GITs and statistical tools. A summary of the main 
sources and data collected are shown in Table 1, and more detailed explanations will be 
provided in the following section. 
 
Table 1. Main data sources and databases used to carry out this doctoral thesis. 
 
  
Logo Name of data source Data provided 
 
National Mapping Agency 
Administrative division units 
1:25000 
Spanish hydrography scale 
1:500000 (BCN500) 
 
National Statistics Institute 
Annual Death Registry 




European Pollutant Release and 
Transfer Register 
Pollutant emissions of heavy 
metals into rivers 




2.1.1 National Mapping Agency 
Geographic data are composed of spatial information (X, Y) as well as thematic information 
(Z). Using GIS software, thematic information can be integrated in a database to enable 
subsequent operations such as analysis or visualization. The National Mapping Agency 
(NMA, Instituto Geográfico Nacional) is a Spanish government agency attached to the 
Ministry of Public Works. It is responsible for the maintenance of the spatial data 
infrastructure, cartographic production, as well as other works related to astronomic 
observations, geodetic networks, remote sensing systems, geophysics and seismographic 
and volcanic activity analyses [Instituto Geográfico Nacional 2019]. In 1989, the NMA 
created the National Geographic Information Center (NGIC, Centro Nacional de 
Información Geográfica) to provide free of charge access to data according to specific 
quality standards. For our study purposes, two types of data were downloaded from the 
NGIC: 
 
a) Geographic units: A shapefile is a simple, nontopological format for storing the 
geometric location and attribute information of geographic features. Several 
shapefiles in vector format of type polygon have been downloaded. Each shapefile 
contains basic information such as the name of each polygon contained into it (which 
corresponds to a municipality, province or other geographic unit), and associated 
numeric identifiers which can be used to integrate thematic variables from other 
databases using a GIS tool (as for example the health indicators). For our thesis 
purposes, we downloaded the shapefile at a scale 1:25000 of Spanish municipalities, 
containing 8,125 polygons in 2016. District (326 polygons) and province shapefiles 
(52 polygons) were generated by aggregation of municipal polygons. To achieve this, 
we consulted the information provided by both the NMA and the Spanish Ministry of 
Agriculture, Fisheries and Food (MAFF, Ministerio de Agricultura Pesca y 
Alimentación). 
For the map production, a world’s countries shapefile (at a scale 1:1000000) was also 
downloaded from the Eurostat website. The objective was to include the neighboring 
and close countries to the Spanish territory in the cartographic results. The Geodetic 
Reference System chosen was ETRS89, which is based upon the UTM projection 
(zone 30 North).  




b) Spanish hydrography: This shapefile corresponds to the National Cartographic 
Database (Base de Datos Cartográfica Nacional), scale 1:500000. It is a file in vector 
format of type polyline which contains information about the name of the rivers, their 
spatial location, the hierarchy level and the river basins they belong to. 
 
2.1.2 National Statistics Institute 
In 1946, The National Statistics Institute (NSI, Instituto Nacional de Estadística) was 
created a as government agency in charge of the official statistics in Spain. This institute 
collects and manages data on demographic and economic census, national accounts, social 
statistics as well as on the electoral registry. Specifically, the Demographics and Population 
subsection contains key information databases that were collected for our doctoral thesis 
such as the Annual Death Registry, the Municipal Register of Inhabitants and the 
information about municipal economic activities. All available data can be found and 
downloaded at the website www.ine.es. 
 
a) Annual Death Registry: Mortality is one of the most important indicators to 
measure the heath-status of populations. In fact, monitoring mortality for 
epidemiological analyses, surveillance and research is a pivotal task. The 
interpretation of mortality data can be used for setting up preventive plans and Public 
Health actions for the benefit of the populations. In this sense, national mortality 
population-based registries provide a uniform database highly useful and reliable for 
temporal and spatial analyses [Alonso et al 2018]. In Spain, the Annual Death 
Registry (ADR, Estadística de Defunciones según la Causa de Muerte) collects all the 
deceases occurred throughout the national territory according to the cause of death. 
The majority of data records from ADR are available on the NSI website, although 
only data at a national, AC or provincial level are provided through open access. 
Certain data concerning to municipal level can be transferred to third parties (as 
research centers) by setting collaborative agreements. These data make part of the 
Vital Statistics (Estadísticas del Movimiento Natural de la Población), one of the 
works being undertaken by the NSI. The ADR database is based on the information 
provided by two sources: The Statistical Death Bulletin and the Statistical Birth 
Bulletin. Likewise, the NSI has established agreements with the ACs, as they conduct 
the process of codification, recording and revision of death registry occurred in each 
AC since 1983. Later, a national database is published by the NSI. 




The underlying cause of death is one of the variables provided by the ADR. It was 
defined by the WHO as “the disease or injury which initiated the train of morbid 
events leading directly to death, or the circumstances of the accident or violence 
which produced the fatal injury” [WHO 1967]. The death certificate must match with 
the physician report which corresponds to the initial or fundamental disease code. 
Sometimes, the underlying cause of death is not reported as the initial or 
fundamental one, but another one more rigorous or detailed may be added later. In 
some cases, even the underlying cause may be the combination of both described 
previously. The underlying cause of death is a result from this process and it will be 
used as the official one for INS statistics using ICD classifications. The classification 
of causes of death dates back to the end of 19th century in Spain. However, the 
modern deaths statistics, according to the cause of death, were introduced as of 1951. 
In this year, in addition to using the ICD, international regulations were implemented 
to select the cause of death, keeping these regulations until our days [Instituto 
Nacional de Estadística 2019]. 
According to the different versions of ICD through history in Spain since 1981, the 
underlying cause of death has been identified and collected for the ADR database 
using the following two revisions: Ninth revision until 1998 and tenth edition from 
1999 onwards. For this doctoral thesis, RDs deaths were selected using the 
underlying cause of death taking into account the following set periods: ICD 9th 
revision Clinical Modification (ICD-9-CM) was used from year 1984 to 1998, while 
ICD 10th revision from 1999 until 2016 as can be seen in Table 2. 
In addition to the underlying cause of death, the ADR also provides 
sociodemographic information of the deceased person such as sex, date of birth, date 
of death and municipality of residence, among others [Instituto Nacional de 
Estadística 2019]. 
 
Table 2. Classification codes and study period of diseases analyzed in this doctoral 
thesis: 
Disease ICD-9-CM ICD-10 Study period Variables 
Granulomatosis with 
Polyangiitis 
446.4 M31.3 1984-2016 Case, sex, age at 
death, death year, 
and municipality of 
residence 
Huntington’s disease 333.4 G10 1984-2013 
Motor neuron diseases Not used G12.2 2007-2016 




b) Municipal Register of Inhabitants: The Municipal Register of Inhabitants (MRI, 
Padrón Municipal de Habitantes) is an updated administrative database in which 
citizens are registered according to their usual municipality of residence. MRI data 
are published every year after being checked by the NSI. It contains details on sex, 
age, place of birth or nationality.  
For the purposes of this doctoral thesis, the municipal population by sex-and-age 
distribution, corresponding to years 2001, 2006, 2011 and 2016 were downloaded. 
The average population of those years was taken as representative for the 
corresponding period for each RD, as well as for the calculation purposes of the 
epidemiological indicators. 
 
c) Population Census: Population Census is defined as the exhaustive account of 
population in one country aimed at knowing social and demographic characteristics. 
In Spain, Population Census (together with Housing and Building censuses) is 
condcuted by the NSI every ten years, with the latest data available corresponding to 
2011 [Subdirección General de Estadísticas de la Población 2011]. 
For the purposes of the research carried out in Chapter 6, municipal data about the 
branch of economic activity in the active population of each municipality were 
collected from 2011. This basic classification allows to know the number of People 
Working in the Primary Sector (PWPS), which includes agriculture, forestry and 
fishing in each municipality. 
 
2.1.3 European Pollutant Release and Transfer Register 
The European Pollutant Release and Transfer Register (E-PRTR) 
(https://prtr.eea.europa.eu) is a registry providing access to environmental data from 
industrial facilities, as well as other installations within the EU. This registry is hosted and 
run by the European Environment Agency, but every country is responsible for compiling 
its available national information. Each country, including Spain, has its own individual 
website (https://prtr-es.es). 
E-PRTR records have the mission of “enhancing public access to environmental 
information, prevent and reduce environmental pollution, and the public participation in 
decision-making about environmental issues”. Data inventory is annually reported, 
together with information on the quantity and location of pollutants releases emitted to 




water, soil and air that had exceed certain thresholds [Regulation (EC) No 166/2006]. The 
pollutants are diverse: heavy metals, pesticides or inorganic substances. This information is 
contained in a list of 91 elements and more than 30,000 industrial complexes as well as 
other facilities that emitted pollutants. 
For the study purposes performed in Chapter 6, data concerning pollutant emissions of 
heavy metals emitted into river basins were collected and classified: by industrial complex 
location and by issued quantity. The heavy metals chosen were the following: arsenic, 
cadmium, chromium, cooper, lead, mercury and zinc. Data were collected from 2007 
through 2015 (the last year available when the research was carried out).  
 
2.2 Methods and procedures 
In order to achieve the expected results of our thesis, diverse methodological procedures 
and tasks were undertaken by using both GIS and statistical/epidemiological tools. A brief 
summary of the tasks carried out are presented below. To do this, we have divided them 
into spatial techniques and epidemiological indicators.  
 
2.2.1 GIS techniques 
As part of this thesis, software programs for spatial data management are essential in order 
to input data, as well as to process and visualize the results. In this section, all the tasks that 
can be carried out with a geographic software are not included, but only the main of them 
used for achieving our objectives. 
a) Geocoding: Sometimes, spatial data have a format not valid to be loaded in a GIS 
software. The purpose of the codification is to transform the description of location 
data (in our case collected in UTM coordinates) into a point-type shapefile for 
visualizing and managing in a GIS software. This operation was carried out with the 
emission point database provided by the E-PRTR to allow subsequent tasks such as 
analysis and visualization (see Chapter 6). 
 
b) Features edition: GIS software enables the edition of geographic information both 
in vector or raster format. This tool was used to split the rivers affected by heavy 
metal emissions, by indicating a concrete distance from the emission points (more 
information can be found in the methods section of Chapter 6). 
 




c) Overlay analysis: This is a basic operation of spatial analysis that can be carried out 
with a GIS software. In our case, such analysis has been used in Chapter 6 through 
the overlying of two shapefiles in vector format: river sections and municipalities (see 
Figure 2). This tool was used to answer the question “which municipalities are 
upstream or downstream of rivers affected by pollutant emissions?” 
 
 
Figure 2. Example of an overlay analysis of which municipalities are within the 20 km section 
of Ojailén River downstream (Ciudad Real province) from an emission point. 
 
d) Adjacency matrix: Spatial heterogeneity describes the different distribution of an 
event in a region [Anselin 2010]. The adjacency matrix indicates whether polygons 
are sharing a side or not. This information can be relevant to further statistical 
procedures. In order to calculate the Smoothed-SMR indicator in Chapters 3, 4 and 5, 
we created adjacency matrices for provinces, districts (comarcas) and municipalities 
using the rook criteria of neighboring areas. As can be seen in Figure 3, a spatial 
contiguity of first order is shown, which takes into account that i neighbors are those 
sharing a side with i [Pfeiffer et al 2008]. 





Figure 3. Example of adjacency of first order (rook criteria) in the municipality of Burgos. 
 
e) Cartographic production: Maps have been created in a GIS software in order to 
transfer the results of statistical and geographic analysis during the execution of this 
doctoral thesis. Chapters 3, 4, 5 and 6 include our own maps with the purpose of 
helping to understand the results obtained. They are presented in the most 
appropriate way to the specialized audience (geographers, epidemiologists, 
healthcare professionals or scientific community in general). 
 
2.2.2 Epidemiological indicators 
Epidemiological indicators are necessary as they provide better knowledge on the health 
status of the populations. A wide range of indicators used for its quantification are 
available. In this doctoral thesis, we have worked with mortality indicators based on the 
population health databases, which enable the comparison among geographic units, as well 
as the evaluation of time trends with accuracy and reliability [Bonita et al 2008]. The 
understanding of these indicators has much importance since the reduction of mortality is a 
priority objective of national Public Health policies. In the research field of RDs, this issue 
is particularly relevant inasmuch as many of rare conditions have a high mortality in early 
life or in elderly people suffering chronic illnesses [Posada et al 2008]. In the following 
paragraphs, mortality indicators that have been calculated for our study are described. 
Some of the procedures also consider adjusting or standardization of rates. This is intended 
to reduce the age and/or sex bias and to facilitate comparison among population groups. 




a) Crude death rate: This is one of the most commonly used mortality indicators. It is 
described as the number of deceases occurring among the population of a given 
geographical area during a given year, per 1,000 mid-year total population of the 
given geographical area during the same year [United Nations 1991]. In the case of 
RDs, the result is usually multiplied by 100,000. This indicator offers a first approach 
to the mortality status of the population as it is obtained quickly. However, the crude 
rate is not the most appropriate indicator due to the internal differences in 
population characteristics. An example of this would be the greater proportion of 
elder people in some geographical unit than in others. In this way, crude death rates 
hide the heterogeneity of the specific mortality per stratum [Schoenbach and 
Rosamond 1999]. 
 
b) Age-adjusted mortality rate: The adjusting for age and sex was introduced in the 
19th century as a way of calculating the rate of a disease. It can be carried out by the 
direct or indirect method [Curtin and Kelin 1995, Bowling 1997].  
 
The age-adjusted mortality rate, which is obtained by the direct method, relies upon 
reference a single standard population which has a known population structure. In 
the case of Spain, the European Standard Population is usually the reference for this 
calculation [Eurostat 2013]. This is an appropriate estimator for comparing groups as 
well as evaluating temporal trends. Such indicator has the advantage of maintain the 
consistence in the structure of the study population. For RDs, results are often 
expressed per 1,000,000 inhabitants as the number of deceases is very low and, it can 
be performed by years or by established periods to increase consistency. Additionally, 
age-adjusted mortality rates can be smoothed using a TH4253 procedure for a better 
observation of time trends, thereby avoiding the peaks caused by the scarce data 
[Velleman 1980]. Joinpoint regression model enables the identification of periods 
with significantly increased or decreased trends in age-adjusted mortality rates. 
Using a Monte Carlo Permutation method, such regression model evaluates the 
annual percentage changes during the selected period and, it also provides statistical 
significance [Kim et al 2000]. 
 
c) Standardized Mortality Ratio (SMR): This is a quantity expressed as a ratio 
which is obtained by the indirect method. It is necessary to know the number of 
persons at risk by age group and sex as well as the observed deaths in the study 
population. It is also required to know the age-specific death rates of the general 
population in the same age groups of the study population. SMR is advantageous due 
to its low standard error and for the comparisons among geographic areas [Inskip et 




al 1983]. The SMR indicator is normally represented taking as a reference the 
number 1 or 100, which represents the rate of the global population. In our study, 
SMR = 1 is the rate observed for Spain. Thus, a lower value than 1 in a geographic 
unit means a reduced risk than expected, while a higher value means a greater risk 
than expected.  
 
A Byar procedure can be carried out in order to obtain the Confidence Interval (CI) 
for each geographic unit [Regidor et al 1993]. Depending on the SMR value, CIs 
located outside of 95% are considered as significantly higher or lower in comparison 
with the Spanish rate. 
 
d) Smoothed Standardized Mortality Ratio (Smoothed-SMR): Obtaining 
distracting noise or extreme values in rates is very common when working with 
spatial data with a low number of cases. In the smoothing procedures, such as 
Bayesian methods, statistical bias is reduced and the precision in death risk is 
increased [Haining 2003]. These methods take into account the uncertainty of local 
measurements as well as the spatial dependence between neighboring measurements 
[Pfeiffer et al 2008]. In the task of calculating the smoothed SMR in each geographic 
unit, three measurements are required: (1) the observed cases, (2) the expected cases 
and, (3) the geographical contiguities of each geographic entity. The geographical 
contiguities can be obtained through the adjacency matrix (see section 2.2.1). The 
death risk calculation uses the empirical Bayes estimation, which combines the local 
risk (also called likelihood) and the risk in neighboring geographic units [Besag et al 
1991]. Smoothed-SMR results also are represented on the basis of 1 or 100 (as SMR), 
being higher than expected values over 1, while lower than expected values under 1. 
 
Posterior Probability (PP) is measured in a scale from 0 to 1. The values under 0.20 
show a significant lower than expected death risk, while values above 0.80 indicate a 
higher than expected mortality risk (i.e. when Smoothed-SMR is higher than 1, the 
probability of occurrence is more than 80% in comparison with the territory of 
reference).  
  




2.3 Relevant geographic issues 
2.3.1 Spatial database 
The study area in this doctoral thesis is the Spanish territory, which comprises more than 
half a million square kilometers (sqkm), and about 46 million inhabitants according to the 
statistics provided by NSI in 2018. The three geographic units we worked with are as 
follows: 
 
a) Provinces: The Spanish territory encompasses 50 provinces and 2 autonomous 
cities (Ceuta and Melilla). In turn, the provinces are grouped into ACs. According to 
the 2011 Census, province average population is 900,306 inhabitants (max. 6,421,874 
and min. 81,323 inhabitants) and average surface is 9,725 sqkm (max. 21,751 and 
min. 13 sqkm). Provinces are the geographic units offering the lowest level of detail in 
our study.  
 
b) Districts: These geographic units are known in the most part of Spain as comarcas. 
They do not have administrative jurisdiction as other Spanish units such as ACs, 
provinces or municipalities have. The ACs of Aragon and Catalonia are exceptions in 
Spain as their districts have representative political institutions and certain 
competences [Parlamento de Catalunya Ley 6/1987, Gobierno de Aragón Decreto 
Legislativo 1/2006]. There are different district classifications based on not only 
physical and human affinities, but also in given objectives proposed by policy makers. 
For instance, there are district divisions based on land use, geology, agriculture, or 
even “protected designation of origin” for certain products. In this doctoral thesis, we 
have used the 326-district classification provided by the MAFF in the work called 
Caracterización de las Comarcas Agrarias de España [Fernández 2011]. These 
districts have an average population of 143,168 inhabitants (max. 4,785,999 and min. 
344 inhabitants) and an average surface of 1,542 sqkm (max. 5,396 and min. 13 
sqkm). 
 
c) Municipalities: They are the most basic territorial entities with a legal 
personality as well as financial and administrative autonomy. There are 8,125 
Spanish municipalities in 2016 (last year included our study), and there are 
continually changes through separation and fusion processes [INE 2019]. There are 
large inequalities in the size and population of municipalities. The average 




municipality has 5,768 inhabitants (max. 3,198,645 and min. 1 inhabitants) and a 
surface of 62 sqkm (max. 1,750 and min. 0.03 sqkm). 
 
2.3.2 Classification of epidemiological indicators 
As said previously, the SMR and Smoothed-SMR are epidemiological indicators that are 
measured on the basis of 1 or 100 as the reference value. This central value represents the 
ratio for the whole Spanish territory, which in our study is the general reference unit for 
comparing the different geographical areas. A value lower than 1 represents a mortality or 
death risk lower than expected and, a value greater than 1 represents a higher than expected 
mortality or death risk. For this reason, the number of intervals is usually uneven, with a 
view to having a unique medium interval around the 1 value, and two or three intervals for 
both lower of higher expected rates. Various examples of this kind of classifications can be 
found in epidemiological publications [Nagy et al 2013, Gómez-Barroso et al 2015, 
Villaverde-Hueso et al 2019]. 
In the case of the PP indicator, the range of possible values moves between 0 and 1. Two 
intervals were established for values above 0.8 (significantly higher risk), and two other 
intervals for values below 0.2 (significantly lower risk). An intermediate interval for non-
significant values was also established (between 0.2 and 0.8). 
 
2.3.3 Choropleth maps symbolization 
Choropleth maps are a form of quantitative cartographic representation of discrete 
phenomena associated with areal units (or enumeration units), which are symbolized 
according to their assigned value [O’Sullivan and Unwin 2010]. Choropleth maps are very 
useful to represent projected attributes on each areal unit according to criteria of 
quantitative or ordinal measurement levels [Cauvin et al 2010]. Although they are 
considered as the most effective to represent discrete data, the represented data obtained in 
our study are continuous. These types of maps have been frequently used in spatial 
epidemiology [O’Sullivan and Unwin 2010], and for our study, we have taken advantage of 
the circumstance that mortality data are provided in aggregated form at the municipal level.  
To symbolize the results, the visual variables allow to describe the differences in the 
variation and perception of the signs that are used to represent a cartographic phenomenon 
[Slocum et al 2005, Cauvin et al 2010]. In our case, two visual variables have been chosen 
to symbolize the epidemiological results: color (through the use of complementary colors), 




and value (through the hues of the colors chosen). A combination of both visual variables in 
a divergent color palette is the most appropriate option and it is also widely used in 
epidemiological studies to represent ratios such as SMRs, Smoothed-SMRs or the PP 
indicators [Williams-Pickle et al 1996, López-Abente et al 2007, Benach et al 2013, Beale 
2016]. In this thesis, a double-ended scheme of hues has been followed in which red colors 
are associated to greater mortality or increased death risk, while shades of green have been 
used to symbolize a lower mortality or lower than expected mortality risk. Therefore, the 
shades of color increase towards the end of intervals with this divergent scheme, remaining 
the yellow color in the medium interval (which represents mortality about the same as 
expected) [Williams-Pickle et al 1996]. 
It must be taken into account that larger choropleths cause more attraction than smaller 
ones when they are colored in a map [Cromley and McLafferty 2011]. This issue is 
particularly visible in terms of size of the choropleths at the municipal level in Spain. 
 
2.3.4 Data aggregation: the ecological fallacy and the MAUP 
The privacy and confidentiality issues make that a point distribution map is not always the 
most desired option for health policy makers. In these cases, the aggregation unit into 
polygons is the most commonly chosen option by Public Health agencies in order to protect 
privacy but also to incorporate demographic and socioeconomic data, enabling analyses 
with multiple variables [Lai et al 2009]. The fact of working with spatial data at polygon 
level results in later consequences such as the ecological fallacy. To better understand this 
concept, knowledge on ecological studies purposes is needed. An ecological study refers to 
variables analysis in group in which it is sought the association between an exposure 
(independent variable) and a result at a group level [Piantadosi et al 1988]. Their 
advantages are that they allow the comparison among population groups, and there is 
usually a major accessibility to data at group level. The ecological fallacy occurs when 
individual data are grouped and the analysis variable is assumed to be equally distributed 
throughout the whole aggregation unit (choropleth). That is, there is an incorrect inference 
of the statistical relationship observed when changing the scale [Eagleson et al 2010, 
O’Sullivan and Unwin 2010]. Thus, this problem is defined as the error made in accepting 
associations among events when in reality they do not exist, supposing that the results of an 
ecological study are the same that those obtained in a study at an individual level 
[Morgenstern and Thomas 1993, Steenland and Deddens 1997].  




The nature of administrative areas is a significant challenge in mapping works, and 
therefore it affects all countries with various available aggregation levels [Manley 2014]. 
The modifiable areal unit problem (MAUP) described by Openshaw, a form of ecological 
fallacy, is a classic problem when working with areal units [Openshaw 1984, Eagleson and 
Escobar 2003]. Such issue occurs in all spatial studies with aggregated data. MAUP leads to 
distort the hotspots due to the artificial characteristics of areal units. Thus there will be 
variations in results because of data aggregation [Lai et al 2009]. The number, size and 
configuration of areal units will be fundamental determinants in the appearance of a 
choropleth map and the message to be transmitted [Cromley 2011]. The MAUP is inherent 
to any field of knowledge carrying out spatial analyses with areal units. For example, one of 
the most known examples of MAUP effect is the technique named gerrymandering, which 
consists in the manipulation of district boundaries for electoral purposes. It is assumed that 
this issue is also reflected in epidemiological studies since the analysis units have been 
usually defined arbitrarily and not for the purpose of a concrete research work. Some 
authors have proposed alternative maps to alleviate this effect, such as for example the 
dasymetric maps [Wright 1936, Eicher and Brewer 2001]. In these maps, the statistical 
areas are divided into areas of relative homogeneity based on complementary information. 
This means that an attempt is made to get a closer delimitation of the limits for the event 
studied and to obtain a more realistic description. MAUP has been widely discussed, since it 
is present in many areas of research when working with spatial data [Arbia 1989, Wong 
2009, Flowerdew 2011, Manley 2014]. 
There are two relevant aspects of the MAUP that must be considered when working with 
aggregated data into choropleths. These are the aggregation or zonation effect and the scale 
effect: 
a) Zonation effect: It consists in variations of results within the geographic units 
depending on their configuration in a given scale and the same number of spatial 
units. Additionally, it is assumed that an area in a given scale can be divided up in an 
infinite number of ways (see Figure 4). In the most of cases, the aggregation effect 
reveals the arbitrary nature of many areal units [Manley 2014]. The zonal effect was 
studied by Openshaw and Taylor (1979, 1981) assessing its impact through 
correlation analyses in multiple configurations of areas in Iowa (United States). 
 





Figure 4. Zonation effect with a given scale and the number of units remained. 
b) Scale effect: The hierarchies in areal units give rise to a scale effect when choosing 
among distinct geographic units for the same spatial data (see Figure 5). This means 
that given the same dataset, different aggregation scales will lead to different 
analytical results [Parenteau and Sawada 2011]. The more extensive the unit areas 
the more they hide wide variations within its territorial boundaries. In Spain, the 
scale effect can be seen when comparing the population density through different 
levels of aggregation. For example, some provinces have a global high population 
density but they might contain municipalities with a very low density. This is also 
observable in epidemiological studies. Small areas depict better the spatial 
distribution of a health event, while large areal units might hide local differences, 
reducing in this way the spatial variability [Cromley 2011]. For example, the MAUP 
has been explored at different scales of aggregation in the city of Madrid using a 
deprivation index [Cebrecos et al 2018]. Additionally, the scale effect might improve 
or worsen a process of spatial modelling such as removing noise or smoothing data 
[Manley 2014]. This is a question raised in this doctoral thesis as we face the task of 
choosing among three Spanish geographic units (provinces, districts and 
municipalities) for achieving our study purposes. 
 
 
Figure 5. Scale effect given the same dataset. 
  





Being a doctoral thesis which incorporates different research fields such as geography or 
epidemiology, a wide variety of tools and software programs have been used. The tasks 
carried out encompass database management, formatting changes, epidemiological 
calculations, data query as well as cartographic production. Below, the software programs 
and their main characteristics are listed in order to achieve the tasks proposed in the 
achievement of our study. 
a) Stata (version 14): It is a statistical software program created by StataCorp. Its 
capabilities include data management, statistical analyses, chart creations, 
simulations and regression models. This software program was used as a basic tool 
for the following works: selection and management of RDs database and, statistical 
calculation of SMRs. These tasks have been carried out in Chapters 3, 4, 5 and 6. 
More information about this software program can be found at the website 
https://www.stata.com/. 
 
b) ArcGIS Desktop (version 10.3): This is a GIS software used to create, share and 
analyze spatial data. It has been developed by Environmental Systems Research 
Institute (ESRI). For the purpose of this d0ctoral thesis, we have used the desktop 
application named ArcMap. The main tasks carried out with ArcMap were: data 
geocoding, integration of geographic information with health variable data (obtained 
after statistic calculations), feature edition of shapefiles, overlay analysis, as well as 
the production of maps. Such GIS software has been used in Chapters 3, 4, 5 and 6 
and more information can be provided at the website 
http://www.esri.com/software/arcgis. 
 
c) R (version 3.3): This is a language free software program for statistical computing 
and graphics. It is supported by the R Foundation for Statistical Computing. R 
functions can be extended via packages such as R-INLA that was used to create the 
adjacency matrix and to perform the Bayesian computing in order to obtain the 
Smoothed-SMRs and PPs. Besides, the R software program was used with the 
purpose of calculating age-adjusted mortality rates in temporal analyses. This 
programming software was used in Chapters 3, 4 and 5. More information can be 
found at the websites https://www.r-project.org/ and http://www.r-inla.org/. 
 
d) Joinpoint (version 4.2.0.2): This is a kind of free statistical software program to 
analyze changing points in temporal trends and the level of significance. It was 




developed by the National Cancer Institute, United States. This program was used in 
Chapters 4 and 5 in the task of detecting changing points in both age-adjusted 
mortality rates and in the average age at death. Likewise, it was used to calculate the 
annual percent changes (APC) in indicators during our study period. More 
information can be found at the website https://surveillance.cancer.gov/joinpoint/. 
 
e) IBM SPSS Statistics (version 22): This is a software package developed by IBM 
Corporation for statistical analysis in social sciences. This program was used for 
smoothing temporal age-adjusted mortality rates, a task carried out in Chapters 4 
and 5. Additional information about this software can be consulted at 
https://www.ibm.com/products/spss-statistics.  
 
f) GeoDa (version 1.8.12): This is a free open source software application developed 
by Luc Anselin to conduct spatial data analysis, spatial autocorrelation and spatial 
modelling. It was used to perform autocorrelation and cluster analyses in Chapter 3. 
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Multi-scale aggregation data displaying rare-disease epidemiology 
 
Abstract 
This study analyzes the effect of modifiable areal unit problem (MAUP) comparing 
mortality data of a specific rare disease (Huntington) in three different Spanish levels of 
spatial aggregation. The objective is to compare mortality indicators and cartographic 
visualizations in order to soundly advise on the most optimum aggregation level according 
to its population, covered area and number of cases. We designed an adjacency ratio to 
observe the effect of neighborhood relationships among three geographic units: province, 
district and municipality. For each level of aggregation, we performed epidemiological 
indicators of mortality as well as local indicators of spatial association. Maps were plotted 
with user-defined intervals to compare visual and statistical differences. MAUP-related 
effects are particularly noticeable in these relatively infrequent events as rare diseases. We 
found that district displayed the highest indicator stability in the adjacency ratio and 
showing optimum characteristics for spatial resolution and amount of information revealed 
through plotting. This help in the election of the working scale can be used with other 
diseases or levels of aggregation as a first step of more advanced epidemiological analyses. 
Key words: aggregated data; epidemiology; geographic unit; scale effect; rare disease; 
cartography. 
  





Since the advent of Geographic Information Systems (GIS) in the late 1960s, they have been 
increasingly used by the health sector.1-2 While numerous examples of their application 
range from service planning to epidemiological analysis of disease outbreaks, emergency-
service delivery and health promotion campaigns3, analysis of rare diseases (RD) has not 
yet fully benefited from this integration with the same degree of intensity.4 
RDs are defined as those affecting not more than 5 people in 10,000 in the European Union 
(UE).5 Some 6,000-8,000 RDs have been identified, they may affect 6% to 8% of the EU 
population, and thus they have been recognised as posing a major global public health 
problem.6,7 GIS integration in the field of RDs is not at an advanced stage, with the bulk of 
research focusing on the most common diseases.8,9 This lag is essentially caused by the 
analytical difficulties deriving from its low prevalence, leading to an excess of zeros in 
results and cartographical representations, especially when it comes to smoothing data with 
exploratory data-analysis tools.10 Moreover, disease-classification systems are mainly 
geared to high-prevalence conditions, and this is an important concern for epidemiological 
RD studies and subsequent map plotting or analysis tasks since both analysis and 
cartographical representations can therefore be said to be constrained by data availability 
and quality.10-12  
The spatial distribution of diseases is one of the most important tasks in spatial 
epidemiology in order to allocate resources in areas that present a higher risk.13 Mortality is 
one of the most widely used epidemiological indicators for the study of diseases. It helps 
ascertain the course and severity of a given disease, enhance its visibility, and highlight the 
scale of impact that its inequalities have on public health.10 Recent decades have witnessed 
great progress in spatio-temporal studies aimed at observing time trends in the spatial 
behaviour of mortality and its relation with other variables with applications in fields as 
diverse as the environment, economy or health.14,15 For example, in the case of 
epidemiology, the best known and most numerous spatio-temporal studies are those on the 
monitoring and control of infectious-disease outbreaks.14,16-18 
On the other hand, spatial hierarchies in which data are aggregated do not necessarily 
reflect their nature, this is an alteration associated with the so-called Modifiable Areal Unit 
Problem (MAUP). According to the MAUP, when a continuous geographical event is 
represented in artificial units such as census tracts or municipalities, the effect of unit size, 
configuration of forms, and especially scale may lead to diverse results and, by extension, 
differing interpretations.19 The MAUP has been extensively reviewed in the scientific 
literature since the mid 1980’s. However, in the case of RD, there is a remarkable gap in the 




bibliography. A new insight in the MAUP in relation to RD is much needed as the 
aggregation of RDs data does not respond to mainstream analytical approaches. In RDs 
aggregation is a must for two reasons not found in other geographical phenomena: the need 
to preserve confidentiality20, and the infrequency of RDs cases, meaning that the more 
detailed the scale, the scarcer the data.10 This begs the question of which aggregation level 
would be the most appropriate for the cartographic representation of a RD. Local 
government (municipality) and postal-code units display a high degree of heterogeneity in 
size and population, and their adoption would thus result in an excess of geographical units 
with zero cases. But also a smaller number of entities having larger populations, such as 
states or regions, would undermine the work of geographical analysis and visualisation.21,22 
It has been proposed the application of a set of criteria such as population, shape unit, 
event distribution or biological relevance in order to allow the choice of the most 
appropriate geographical unit in an epidemiological study.23 
Accordingly, this study aimed to analyse the effect of different levels of spatial aggregation 
on the analysis of RD mortality data, using Huntington’s disease as example. The final 
objective is to show the process in the choosing of the most appropriate spatial units 
proposed in terms of number of cases, population and area by comparing statistical results 
and cartographic visualizations. 
 
3.2 Methods 
This study was conducted in Spain, covering an area of approximately 500,000 sq.km. and 
a population of about 47 million inhabitants in 2018, according to the National Statistics 
Institute (Instituto Nacional de Estadística/INS). The Spanish territory is divided first in 
autonomous communities, and then into 50 provinces and two autonomous cities, as 
delimited by a statutory administrative division dating back to 1833 (under the original Act 
as amended).24,25 Each province contains a variable number of municipalities (ranging from 
34 to 371), with more than 8,000 entities in all. These constitute the most basic level of 
government having independent legal personality. Districts (comarcas) are entities which 
are larger than municipalities but smaller than provinces, and group neighbouring 
municipalities according to historical and geographic criteria. For study purposes, we used 
the 326-district classification provided by the Ministry of Agriculture, Fisheries, Food and 
Environment (Ministerio de Agricultura y Pesca, Alimentación y Medio 
Ambiente/MAPAMA).26 Figure 1 depicts the above-mentioned administrative 
subdivisions, showing the top-down scale adjacency model (from provinces to 
municipalities) used in the spatial smoothing process. 




Mortality data according to cause of death for the last 15 years (1999-2013) were drawn 
from the death statistics published on the INS website. By way of example of a low-
prevalence disease, Huntington’s disease was selected as the underlying cause of death, 
using the International Classification of Diseases, 10th Revision (ICD-10) code G10. This 
yielded a total of 1,090 HD-related deaths for the study period. 
Population data for the period 1999-2013 were obtained from the Annual Municipal 
Register published on the INS website, and then aggregated at a district and provincial 
level. Spatial information (shapefiles in vector format) for each level of aggregation were 




Figure 1. Spatial administrative boundaries included in this study in Spain (with number of 
entities). 
 
Municipalities and districts were grouped by province. Adjacency ratios for districts and 
municipalities were estimated (i.e., in the case of district: the total number of entities per 
district in a province divided by average number of adjacent entities). Both ratios were 
normalised on a scale ranging from -2 to +2 to allow for comparison between the spatial 
distributions in districts and municipalities.  




The standardised mortality ratio (SMR) is a commonly used indicator in spatial-
epidemiology studies because it enables comparison between observed and expected deaths 
in each spatial unit according to an age-related reference rate (in our case the Spanish 
rate).27 Indirect standardization by five-year age groups was used for expected deaths 
calculation. The SMR is the ratio between the observed number of deaths and the number 
of deaths would be expected. In our case, we calculated the respective SMRs for provinces, 
districts and municipalities for the study period. The results obtained were divided into 
user-defined intervals, following a classification based on a value of around 1.00 (0.80-
1.20) representing the normal risk. Intervals above 1.20 show a higher than expected risk, 
while those below 0.80 show one lower than expected. This kind of user-defined interval 
chosen, widely used in epidemiology, was supported by visual legibility concerns as well as 
the need to split the variable in two upper and lower intervals around the medium interval 
(0.80- 1.20).28 It must be noted that SMR results have an additional interval for entities 
with value 0.00. SMR 95% confidence intervals (CIs) were calculated, and mortality 
distribution by aggregation level was assessed using the Chi-square test.29 
The smoothing process method for SMR is used in order to reduce the distortion produced 
by the excess of zeros and the extreme values due to variation in population of the 
geographic units. Smoothed SMRs were estimated using the number of observed and 
expected deaths in each spatial unit as well as the equivalent values in neighbouring areas 
(adjacency criteria), thus enabling spatial risk patterns to be detected or discarded. To this 
end, an adjacent matrix had to be created for each administrative level using the rook’s case 
contiguity which is based on neighbourhoods sharing physical borders.30 After the creation 
of the matrices, we used the conditional autoregressive model proposed by Besag, York and 
Molliè to carry out the estimation of the risk taking into account two randomised effects: 
spatial and heterogeneous.31 To enable visual and statistical comparison with cartographic 
results, the smoothed SMR results were classified in the same way as the SMR results.  
We examined spatial autocorrelation and clustering to assess the results at each level of 
aggregation and to compare which would provide the richest information for the purpose of 
further in-depth study or displaying data in a cartographical software programme. In order 
to avoid biased results, global and local tests were only carried out with SMR, not with 
smoothed data. Moran’s Index was calculated to assess autocorrelation in SMR values for 
provinces, districts and municipalities (Moran, 1950), and a local indicators of spatial 
association (LISA) analysis was performed to detect significant SMR clusters.32,33 This local 
analysis made it possible to ascertain the existence of geographic units with neighbours 
sharing similar values, i.e., high values or dissimilarities.  




Statistical estimation for SMR purposes was performed using the Stata computer software 
program. SMR smoothing process was carried out in R software with the use of R-INLA 
package (Integrated nested Laplace approximation). This smoothing process is faster in 
computer time than Monte Carlo (McMC) methods in model fitting and inference which 
makes it clearly advantageous.34 GeoDA software was used for autocorrelation and 




As shown in Table 1, at each level of aggregation entities had different sizes and 
population, especially in provinces and municipalities. The differences in sizes, which 
amounted to as much as 10-fold among provinces, 20-fold among districts and 5,000-fold 
among municipalities, were important and meant greater uniformity across provinces and 
greater heterogeneity across municipalities. Similarly, population differences were also in 
evidence, ranging from 70-fold among provinces to 30,000-fold among districts and 1 
million-fold among municipalities. To sum up, size and population displayed great 
diversity, not only among but also within aggregation levels. 
Table 1. Size and population statistics for the three aggregation levels used in this study. 
  Province District Municipality 
 n 52 326 8,123 
Area 
Average (sq.km.) 9,725 1,542 62 
Standard deviation 5,095.82 896.03 92.05 
Min (sq.km.) 13 13 0.03 
Max (sq.km.) 21,751 5,396 1,750 
Population* 
Average (inhabitants) 853,588.10 136,155.20 5,467.67 
Standard deviation 1,074,190.70 342,422.30 15,520.64 
Min (inhabitants) 71,379 1625 5 
Max (inhabitants) 5,956,777 4,540,006 3,116,900 
* Average population for the 1999-2013 period. 




Comparison of the normalised adjacency ratios showed that districts were more stable than 
municipalities (Figure 2). Whereas districts displayed more balanced ratios, 
municipalities had few cases in the intermediate range (14 provinces in the district analysis 
versus 5 in the municipal analysis, with an index ranging from -0.20 to 0.20). The greater 
the inter-provincial differences in the index, the more unstable the smoothed SMR results.  
 
 
Figure 2. Normalised adjacency ratios in provinces. Aggregation by: a) district; and b) 
municipality. 
 
As can be observed from Table 2, the distribution of SMR values was significantly different 
(p<0.001) depending on the level of aggregation used. Note should be taken of the 
percentage of geographic units with no cases, since this points to a lack of information 
(96.44% at the municipal level). The SMR value will be zero if there are no observed deaths, 
a common occurrence in the majority of municipalities. Among the selected intervals, it was 
“province” that registered the most uniform distribution of SMRs, while at the district level, 
42.94% corresponded to the “No cases” category. The number of units and percentages of 
values not coming within the 95% CI accounted for only 10% and 5% of the provincial and 
district totals respectively (p<0.001), while in municipalities there were hardly any values 
lying outside the CI. 
  




Table 2. Number of provinces, districts and municipalities (percentage in brackets) by interval 
of Standardized Mortality Ratio and Smoothed Standardized Mortality Ratios after Bayesian 



















4 (7.69) - 140 (42.94) - 7,835 (96.44) - 
< 0.60 7 (13.46) 1 (1.92) 31 (9.51) 7 (2.15) 11 (0.14) 0 (0.00) 
0.60 - 0.80 10 (19.23) 12 (23.08) 16 (4.91) 35 (10.74) 7 (0.09) 0 (0.00) 
0.80 - 1.20 15 (28.85) 30 (57.69) 39 (11.96) 202 (61.95) 17 (0.21) 8,123 (100) 
1.20 - 1.40 2 (3.85) 4 (7.69) 11 (3.37) 41 (12.58) 8 (0.10) 0 (0.00) 
> 1.40 14 (26.92) 5 (9.62) 89 (27.31) 41 (12.58) 245 (3.02) 0 (0.00) 
Total 52 (100) 326 (100) 8,123 (100) 
 
Smoothed SMRs after Bayesian modelling process are depicted in Figure 3 by province, 
district and municipality. In a first visual analysis, the SMR smoothing procedure blurs the 
mortality differences previously detected at a municipal level. Depending on unit size, the 
percentage of units with a significantly higher or lower risk death in terms of smoothed 
SMRs varied (p<0.001) from 26% in provinces and 19% in districts down to 0% in 
municipalities. 
 





Figure 3. Smoothed Standardized Mortality Ratios for Huntington’s disease 1999-2013. Levels: 
a) municipal; b) district; c) provincial. 
 
Moran’s Index showed no overall positive or negative autocorrelation at any of the three 
levels of aggregation. Indeed, the negative z-score for all levels implies that there is a 
disperse pattern in SMR results in Spain. None of the results was statistically significant 
(p>0.05). 
In Figure 4, a choropleth map depicts the units with a significant local result Moran (or 
LISA) classified by type of spatial statistical correlation, using the SMR results. The values 
“High-High” have been observed in the West of Spain while they were detected in the North 
and in the South at a district and provincial level. “Low-Low” cluster values are distributed 
throughout the country at the municipal level, in the North and Southwest at a district level, 
while it was no detected at a provincial level. “High-Low” is result of an entity with outlier 
value surrounded by low values (it was found in a disperse way at municipal level, in the 




Northern half of the country in districts and not found at a provincial level). Lastly, “Low-
High” entities (significant low outliers of SMR surrounded by high values) are random 
dispersed at a municipal level, more predominantly in the Northern half at a district level, 
and in the Southwest at a provincial level. The percentages of statistically significant values 
were as follows: 9.61% at a provincial level (5 to 52 entities); 13.50% at a district level (44 to 
326 entities); and 8.10% at a municipal level (658 to 8,123 entities). 
 
 
Figure 4. LISA cluster map of Huntington’s disease Standardized Mortality Ratios: 1999-2013. 
Levels: a) municipal; b) district; c) provincial. 
 





This study performed a statistical and a descriptive analysis of HD mortality at a municipal, 
district and provincial level in Spain. The results are shown in map and table form, thereby 
facilitating the goal of observing the differences among and within three data-aggregation 
levels. In addition to comparing the estimated rates, the significance of each result obtained 
is of key importance when it comes to supporting decision-making and reducing 
uncertainty surrounding unstable data. In this respect, cartography is an integral part of 
spatial and temporal studies and any kind of study complementing numerical results.35  
As will be seen from the tables and figures, death data obtained from the INS at municipal 
level were used as a basis and then added at the two other levels of aggregation (district and 
province) to enable the comparison of results. In so doing, spatial patterns change as a 
consequence of MAUP36, something that must be faced when aggregating data in 
administrative units of different size and distribution. This said, rather than proposing 
solutions for MAUP, the aim of this study was to explore and identify this issue in order to 
help other researchers when they are working with their own datasets. Also, it is sought that 
researchers can determine which is the more stable geographic unit in that context ensuring 
the most optimum cartographic work for data displaying. In regards to this, the total 
number of geographic units a key element for numerous types of statistical tests in a 
geospatial context.37,38 To have geographic death data at a municipal level and not 
individual responds to the pressing need to preserve the confidentiality of the deceased’s 
personal data, which are especially sensitive when dealing with sparsely populated 
municipalities.37 In such cases, anonymity is quite difficult to maintain, thus rendering it 
necessary to adopt any of the measures outlined above. 
Rather than calculating crude death rates, we chose instead to estimate SMRs because 
mortality is strongly related to age group and entities with ageing population can distort 
data when comparing with other entities no sharing the same characteristics. Even so, 
SMRs may constitute a highly unstable data source when working with very low numbers of 
cases.39 The enormous number of geographic units with unobserved cases and the 
heterogeneity of population data in municipalities make for many zeros, extreme positive 
values and, as a consequence, a lack of robustness.10 
The adjacency ratio is a purpose-designed index created to understand the relationship 
among a number of entities and their contiguous areas. Obtaining extreme results, lying far 
from the central value, highlighted the irregularity in the subdivisions that make up Spain, 
with particularly striking inequalities in municipalities. This, combined with the low 
number of cases in each entity, results in a blurring in the smoothing procedure when 




applied to municipal datasets, making the search for spatial patterns much more difficult. 
When a rate is smoothed, the outcome is influenced by the value of neighbouring units. 
Taking into account the fact that each municipality is contiguous to a further 5.94 
municipalities (average number of neighbours) and that 96% of these have no observed 
cases, the SMRs of units with observed cases were smoothed by removing the extreme 
values. While the number of contiguous units is slightly lower in districts and provinces 
(5.50 and 4.46 respectively), the difference is that the percentage of units with no observed 
cases is significantly lower. In our case, we have found that a municipality is not the most 
suitable level of aggregation for the study of spatial patterns in rare diseases when it comes 
to countries such as Spain or others with similarly small administrative bodies. The loss of 
information is less severe when taking a district or province as the frame of reference, since 
the smoothing process may lead to a better result for a higher level of aggregation than that 
of a municipality, as supported by other studies.40 At a provincial level, the low spatial 
resolution is a disadvantage observed, since aggregated data are divided into a low number 
of entities (52) when compared to the other two levels available. It should be borne in mind 
that the aggregation levels were not designed for RDs research, and this is why distortions 
appear when it comes to interpreting the results obtained.41  
The LISA analysis showed that the percentage significant values in the geographic units was 
lower in municipalities than in provinces. It can thus be concluded that results present 
lower variability in areas with no registered cases at the municipal level. It is also be noted 
that if it is observed a disease cluster at a high level of detail as the municipal, the 
aggregation in less detailed scales could lead to loss this information.  
The low number of cases in municipalities (or census sections when available) used to be a 
general limitation in epidemiological studies, leading to aggregate data at a higher level 
(district or province). In some cases, using a very detailed scale may not ensure the reveal of 
the desired pattern through geospatial analysis.42 Mortality of diseases such as cancer, 
which bring together a high number of cases (although there are infrequent types), allows 
for large-scale statistical analysis at a census level.43 Even it is possible to work at a census 
level. Some of the criteria proposed by Arsenault23 and his colleagues regarding the 
selection of geographical units, have been considered in this study: Communicability of 
results, intra-unit homogeneity, variation in population size and variation in area size. 
Districts may be the most adequate geographical unit within which to implement public 
health objectives, due to their consisting of a manageable area. The competent authorities 
in Spain are the seventeen Regional Health Services. Each Service could implement policies 
within its own districts, taking into account a greater awareness of health issues at an 
intermediate level. The application of the second criterion also reveals the district as the 




preferable geographical unit, showing better intra-unit homogeneity than that within a 
province or a region. Lastly, the district also meets the two last criteria, regarding variation 
in both population and area sizes. Big variations may lead to an increased bias in the 
identification of spatial patterns, due to the fact that epidemiological studies are generally 
based on certain distributional assumptions.44 
Obviously, these Spanish geographic units do not correspond to other countries with equal 
exactness, although this study could be replicated in other study areas with their respective 
aggregations level from least to greatest detail. For example in the United States it could be 
replicated from the municipality, to county or state45 or, in the case of Portugal, from 
freguesias to municipalities and districts.46 In countries no possessing an administrative 
unit equivalent to the Spanish district, an aggregation ad hoc of municipal units would be 




The usefulness of this study lies in the possibility of replicating the procedure to another 
disease or disciplines, provided that a low number of cases of a variable as the basis of the 
analysis. The results presented could be a support to choosing the optimal way of mapping 
and analysing an event, thus successfully completing the first step in a bivariate or 
multivariate analysis. For this purpose, attention must be paid, not only to the 
characteristics of the available data (quantity and spatial distribution), but also to the 
heterogeneity of the entities into which the study area is divided. In our case, “Districts”, 
with a medium size per entity of 1,542 sqkm and a medium population of 136,000 
inhabitants, was found to be the best option to analyse and plot the mortality indicators of a 
specific RD, having taken into account the balance between its size, its total inhabitants and 
the number of events registered in each entity. 
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Monitoring Huntington’s disease mortality across a 30-year period: 
Geographic and temporal patterns 
 
Abstract 
Background: Huntington’s disease (HD) is a progressive neurodegenerative condition 
characterized by chorea, dystonia, behavioral disturbances and cognitive decline. The aim 
of this study is to assess temporal and spatial changes on mortality attributable to HD over 
30 years in Spain.  
Methods: HD data were extracted from the nationwide mortality registry for the period 
1984–2013. Annual and 5-year gender- and age-specific rates adjusted for the standard 
European population were calculated. Geographic analysis was performed by districts from 
1999 through 2013, and then estimated standardized mortality ratios (SMRs) and 
smoothed SMRs.  
Results: There were 1,556 HD-related deaths across the study period. An increasing trend 
in age-adjusted HD mortality was in evidence, specifically from 1994 through 1998. On a 
year-by-year basis, age-adjusted mortality rates increased from 0.076 per 100,000 
population in 1984 to 0.157 in 2013. Geographical differences among districts were evident 
in specific areas and in the southwest. 
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Huntington’s disease (HD) is a chronically debilitating and neurodegenerative disease with 
an autosomal dominant pattern of inheritance. It typically appears in early adult life, has a 
progressive course, and reveals a combination of motor, cognitive and behavioral 
symptoms. There is progressive, selective neural cell loss and atrophy in the caudate and 
putamen. It is caused by a heterozygous expanded CAG trinucleotide repeats in HTT, the 
gene that encodes the huntingtin protein [1–3]. Diagnosis and genetic confirmation 
improved with the mapping of HD gene chromosome 4p in 1983 and the identification of 
the pathogenic mutation ten years later [4–6]. The current gold standard for the diagnosis 
is the DNA determination, showing a CAG-repeat of at least 36 on the huntingtin gene on 
chromosome 4p according to international guidelines [7, 8]. The fact that HD has an 
estimated worldwide prevalence of around 2.7 cases per 100,000 persons (95% CI 1.55–
4.72), means that it meets the criteria for being classified as a rare disease (RD) [9]. While 
prevalence figures are higher in Caucasian populations (5.7 cases per 100,000), those in 
Asia and Africa are lower (approximately 0.5 cases per 100,000) [9–11]. 
Mortality studies provide insight into demographic changes, prompting socio-economic 
strategies addressed at improving population health and wellness [12, 13]. The robustness 
of nationwide population-based mortality registries make it possible to carry out analysis 
over extended periods of time. To enhance mortality studies, geographical information 
systems (GIS) are a useful tool for understanding spatial and epidemiologic patterns in a 
fast and effective manner. GIS capture, store, and process large amounts of data, thereby 
building a decision-making support system useful for disease surveillance and health 
planning [14]. Geographic analysis of national population-based HD mortality levels may 
be of great interest when it comes to planning the future of health care systems. The 
European Parliament provides much encouragement to analyze and enhance the 
epidemiological information of different RD in member states [15]. Related to this, an 
increasing number of studies combining geographical analysis with RD epidemiology have 
been conducted in recent decades. A temporal and spatial analysis of HD mortality was 
undertaken in Austria, and a regional analysis of prevalence was carried out in Finland [16, 
17]. In Spain, our research group conducted a study on HD mortality trends across the 
period 1981–2004, and additional studies on the prevalence of the disease have also been 
published, but no spatial analysis has been reported to date [18–22]. 
Accordingly, the aim of this study was to analyze both the temporal trend and spatial 
variability in HD mortality in Spain over an extended period of time (1984–2013), in order 
to better characterize the patterns of mortality attributable to this RD. 
 





Population-based data for the period 1984 through 2013 were sourced from the annual 
death registry kept by the National Statistics Institute (NSI) (Instituto Nacional de 
Estadística). Cases of HD were identified using the International Classification of Diseases, 
9th Revision (ICD-9) code 333.4 for the period 1984–1998, and the 10th Revision (ICD-10) 
code G10 for the period from 1999 onwards. We calculated annual and 5-year period age- 
and gender-adjusted mortality rates using the standard European population as reference. 
Both annual age-adjusted rates and average age of death were assessed by Joinpoint 
analysis. Adjusted rates from 1984 to 2013 were smoothed, using the TH4253 non-
parametric procedure to delete random movements in time-series data and improve 
sharpness [23]. 
For geographic analysis purposes, we obtained populations, categorized by gender and age 
at the municipal level, from the NSI. The study area comprised Spanish territory defined by 
a total of 326 districts. These districts are known in Spain as ‘comarcas’, divisions of the 
Spanish territory concerning adjacent municipalities with similar geographical and 
historical features [24]. Districts have been obtained by aggregating municipalities 
according to the information provided by the Agricultural Census furnished by the NSI. 
Standardized mortality ratios (SMRs) were calculated by district for the period 1999–2013 
using indirect standardization, and then smoothed (smoothed-SMRs) for the purpose of 
reducing instability in numerical values in districts with a lower number of deaths, taking 
into account data from adjacent units. The conditional autoregressive model proposed by 
Besag et al. [25] considers the spatial contiguity and heterogeneity of each unit. 
All statistical analyses were performed using the SPSS, Joinpoint and R-INLA computer 




There were 1,556 HD-related deaths in Spain from 1984 through 2013. Male mortality 
slightly exceeded female mortality, with men accounting for 51.6% of all such deaths (803 
vs. 753 among women). Crude HD mortality rates tripled, going from 0.068 per 100,000 
persons in 1984 to 0.182 in 2013. As shown in figure 1, the adjusted mortality rate in Spain 
increased significantly over time by 3.44% per annum (p < 0.001), with no point changes 
observed in this trend. On a yearly basis, adjusted rates varied from 0.076 in 1984 to 0.142 
in 2013, reaching a peak in 2011 (0.179 per 100,000 persons). 






Figure 1. HD mortality trend plotted using a Joinpoint regression model: 1984–2013. 
 
The average age of death increased by 0.59% per year (p < 0.001), increasing from 45 years 
in 1984 to 62 years in 2013. In the disaggregated analyses, the adjusted mortality rate was 
25.2%, and was higher among men than among women (annual average). Across the study 
period, annual increases of 3.82% (p<0.001) and 3.31% (p<0.001) were observed among 
men and women, respectively. As can be seen in figure 2a, the annual smoothed line 
reveals a rising trend in mortality rates from the 1990s until 2010, when it stabilized. The 
apparent decrease among females since 2010 was statistically unremarkable, according to 
our analyses. In addition, higher rates were observed in the 5-year analysis, especially from 
1994 to 1998 onwards. As is clear from figure 2b, the last 5-year period witnessed 38.8% 
of all HD deaths across the entire period, as well as the maximum adjusted rates when 
considering both genders (0.154 per 100,000) and men only (0.175). 





Figure 2. Age-adjusted HD mortality rate in Spain by gender: 1984–2013. a Annual smoothed; 
b 5-year period. 
  




Insofar as the geographic distribution was concerned, significant differences were observed 
among districts. It is seen from Table 1 that the HD mortality risk was significantly lower 
in scattered districts throughout the country, for example, usually under 0.60 in densely 
populated geographic areas (over 150,000 inhabitants). In contrast, a concentration of 
districts with significantly higher SMRs was observed in an area in southern Spain 
comprising the provinces of Malaga, Cadiz and Seville, with figures ranging from 0.2 up to 
5.26. Results classified by gender displayed similarities to those observed in the aggregate 
analyses, though there were more districts with higher risk among women than among 
men. The Madrid metropolitan area was noteworthy, in that it registered the lowest 
mortality risk, namely, 0.56 (95% CI 0.43–0.72) for both genders, 0.52 (95% CI 0.35–0.76) 
for men, and 0.60 (95% CI 0.42–0.84) for women. 
 
Table 1. Comparison of SMRs among districts (indirect standardization) across the period 
1999–2013, for both genders, and for males and females separately. Only areas with significant 
results are shown 
District Province Location 
SMR 1999-2013 (95% CI) 
Both genders Males Females 
Very low risk      
Campo de Nijar Almería SE 0.00 (0.00 -0.73) - - 
Vélez-Málaga Málaga S 0.00 (0.00 - 0.88) - - 
Norte de Tenerife Tenerife SW* 0.11 (0.00 - 0.65) 0.00 (0.00 - 0.82) - 
Sur de Tenerife Tenerife SW* 0.19 (0.02 - 0.70) - - 
La Campiña Sevilla SW 0.26 (0.03 - 0.93) - - 
Septentrional La Coruña NW 0.54 (0.26 - 0.99) - - 
Metro Area Madrid Madrid C 0.56 (0.43 - 0.72) 0.52 (0.35 - 0.76) 0.60 (0.42 - 0.84) 
Gran Canaria Las Palmas SW* - 0.32 (0.06 - 0.95) - 
High risk      
Mallorca Baleares E* 1.59 (1.06 - 2.28) - 2.17 (1.30 - 3.38) 
Vallès Occidental Barcelona NE 1.62 (1.09 - 2.31) - 2.22 (1.36 - 3.43) 
Litoral Pontevedra NW 1.66 (1.12 - 2.37) 2.02 (1.20 - 3.19) - 
Guipuzkoa Guipuzkoa N 1.68 (1.14 - 2.38) - 1.75 (1.00 - 2.85) 
Maresme Barcelona NE 1.98 (1.39 - 2.74) 1.92 (1.14 - 3.04) 2.04 (1.21 - 3.22) 
Oviedo Asturias N 2.01 (1.23 - 3.11) - 2.15 (1.07 - 3.84) 
Campo de Gibraltar Cádiz SW 2.03 (1.01 - 3.63) - - 
La Sagra-Toledo Toledo C 2.12 (1.02 - 3.91) - - 
Almendralejo Badajoz SW 2.71 (1.09 - 5.59) - - 
Badajoz Badajoz SW 2.75 (1.32 - 5.07) - - 
Campiña de Cádiz Cádiz SW 2.84 (1.76 - 4.35) 3.16 (1.63 - 5.53) 2.51 (1.14 - 4.76) 
Vinalopó Alicante E 3.15 (1.92 - 4.87) 2.74 (1.25 - 5.21) 3.57 (1.78 - 6.40) 
Sierra Norte Sevilla SW 3.51 (1.13 - 8.19) 5.40 (1.45 - 13.82) - 
Serranía de Ronda Málaga SW 3.59 (1.16 - 8.39) 5.56 (1.50 - 14.20) - 
La Janda Cádiz SW 3.74 (1.61 - 7.36) - 4.00 (1.07 - 10.26) 
Lozoya-Somosierra Madrid C 3.81 (1.23 - 8.89) - 5.04 (1.01 - 14.73) 
Nord-Occidental Navarra N 4.06 (1.48 - 8.84) 4.88 (1.31 - 12.50) - 
Esla-Campos León N 4.65 (1.25 - 11.9) - - 
Sierra Sur Sevilla SW 5.26 (2.27 - 10.38) 5.06 (1.36 - 12.96) 5.47 (1.47 - 14.00) 
Cuenca del Jiloca Teruel NE 6.73 (1.81 - 17.22) - - 
Bajo Llobregat Barcelona NE - - 1.61 (1.21 - 2.10) 
Campos Palencia C - - 3.92 (1.43 - 8.53) 
La Costera Valencia E - - 1.18 - 11.31) 
* Island territories (Canary and Balearic Islands). C= Centre; E= East; N=North; NE= Northeast; 
NW=Northwest; S=South; SE=Southeast; SW=Southwest; W=West. 
 




There was considerable geographical variability in the smoothed-SMRs (fig. 3a). As can be 
seen from the values registered for both genders, the smoothed-SMR yielded by the 
aggregate analysis stood in sharp relief, with a value of over 1.5 in some areas, such as the 
Basque Country and other districts located in the southwest of Spain. These results were 
similar for men (fig. 3b) and women alike (fig. 3c), with slight differences vis-à-vis the 
aggregate map. Nevertheless, there was insufficient evidence to indicate any spatial pattern 
of HD mortality across the country as a whole. 
 
 
Figure 3. Smoothed-SMRs for HD by gender: 1999–2013. a Both genders; b males; c females 
 




Figure 4a depicts posterior probability (PP) by geographic location. While districts with 
values of over 0.80 had a significantly higher-than-expected mortality risk at a national 
level, values under 0.20 indicated a significantly lower risk. As can be seen from figure 4b, 
the southwestern district of Campiña de Cádiz (PP = 0.995) and the Madrid metropolitan 
area (PP < 0.001) represent the extremes of geographical variability in males, in terms of 
expected HD mortality risk here in Spain. At a national level, the distribution of values was 
more to be dispersed in females than in males (fig. 4c). 
 
 
Figure 4. PP of smoothed-SMR due to HD (significantly higher (>0.80) or significantly lower 
(<0.20)) by district: 1999–2013. a Both genders; b males; c females 
 





This study shows the rise in HD-related mortality in the last 3 decades and its geographical 
distribution at a district level. These results have been achieved, thanks to one of the largest 
detailed-scale mapping exercises conducted at a national level in assessing a low-prevalence 
disease. 
Adjusted rates are higher in men than in women. The excess male HD mortality reported by 
this study was within the expected range, according to data reported by other studies 
undertaken in various European countries and the United States [14, 26]. The time trend 
showing an annual 3.44% increase in HD mortality is in line with the annual change 
described in a previous study undertaken in Spain [18]. The increase observed in the 
mortality rates over the period might reflect a rise of prevalence, probably due to better 
health care of severe complications, which seems to be supported by the gradual increase in 
the average age of death. While the period covered by us coincided in part with that of a 
previous study, our study not only extended and updated the time trend by 9 years, but also 
contributed a spatial analysis. Another study which analyzed HD mortality in Spain is not 
comparable to ours, in that it failed to furnish adjusted values and was conducted at an 
earlier point in time (1974–1979) [27]. In all these studies, however, the evolution in the 
number of deaths would appear to be in line with the trend observed by us. 
In the absence of other time-series studies on HD mortality in Spain, comparison with the 
scientific literature on prevalence studies conducted in specific locations is required. Some 
examples included the city of Cadiz in 1970 (1.4 cases per 100,000 inhabitants), the 
province of Salamanca in 1984 (8.4 cases per 100,000), the Valencian region in the period 
1987–1992 (5.4 cases per 100,000), and more recently, Navarre (5 cases per 100,000) [19–
22]. When chronologically arranged, these studies do not indicate a rising trend, and the 
latest data to be reported are close to the reported Caucasian average [9]. At the European 
level, a British journal pointed to a wide variation in the prevalence rate, ranging from 5.4 
cases per 100,000 inhabitants in 1990 to 12.3 in 2010 [28]. This can be explained – at least 
partly – by the greater availability of predictive genetic tests, particularly in newly 
diagnosed patients with no family history [29, 30]. The British results may signal a similar 
trend in other European countries, if national studies were carried out. A family history 
with clinical and morphological verification in at least one of the parents or grandparents 
was obligatory to diagnose HD before 1993 [31]. After that, clinical diagnosis is 
complemented with DNA determination as the gold standard in Spain. The progressive 
implementation of genetic confirmation available since 1993 does not seem to modify the 
continuing rising trend in Spanish mortality rates after that, according to Joinpoint results. 
Other authors suggest that increased mortality rates could be related to the change in ICD 




coding since 1999, but this reason alone cannot account for this pattern because in 1998–
1999, mortality rates rose in the same way as they did during the remainder of the study 
period. 
In terms of geographic distribution, different Spanish districts show a higher HD mortality 
risk, mainly in the southwestern provinces of Seville, Cadiz and Malaga (particularly among 
males). Despite these results, at the level studied, there is not enough evidence to find any 
spatial patterns of mortality due to HD in Spain. Areas with a higher incidence of HD, such 
as Venezuela or Tasmania, have been identified due to a founder effect, but no evidence has 
yet been detected in Spain, not even in the island territories [32–34]. 
The introduction of predictive genetic testing in the Spanish National Health System has 
made for earlier, accurate diagnosis [5]. Notwithstanding this, the scant evidence to support 
the claim that pharmacologic and nonpharmacologic treatments to control some symptoms 
can prevent the disease from progressing has generated resentment among persons with a 
family history of HD to undergo the predictive test [35–37]. In addition, no indications 
have been found to explain the increase in mortality rates during the study period, though 
this might be related to a likely increased prevalence in Spain, in line with other Western 
countries. In the coming years, the influence on diagnosed patients of HD predictive genetic 
testing in family planning could lead to a reduction in birth rates and, by extension, in 
mortality rates [38]. On the other hand, the fatal outcome of HD causes a four- to eightfold 
increase in the risk of suicide, as shown by studies in the United States [39, 40]. The fact is 
that the risk of suicide among diagnosed HD patients is associated with depressive 
behaviors. In some cases, it is accompanied by aggressiveness and anxiety as a consequence 
of a high burden of disease not only in patients but also in relatives and caregivers [41]. 
Therefore, support services for both patient and family are vital [42–44]. 
It is important to note that HD mortality data could be underestimated in cases where the 
underlying cause of death is not duly completed on the death certificate. Since the 
underlying cause of death was used to identify HD cases in this study, the rates obtained 
could thus be lower than expected. Lastly, positive predictive value was assessed for HD on 
the basis of medical records and primary-care databases, but the mortality database could 
not be validated for HD [12, 22]. Even so, the strength of this study is supported by the 
nationwide, population-based death registry and a constant (over time) and standardized, 
geographically homogeneous (in all regions) methodology. 
In conclusion, this epidemiologic study has shown an increase in the HD mortality rate and 
a somewhat heterogeneous regional distribution in Spain. At this point in time, there is no 
known evidence to link this rising trend and geographical distribution with environmental 
or other types of factors. Future studies should focus on analyzing the risk in regions with 




higher mortality rates in order to improve and optimize health care planning by correctly 
allocating the necessary resources. Furthermore, the identification of some areas with lower 
rates could help when it comes to checking whether correct diagnoses are being made in all 
cases, and implementing any remedial measures, if needed – something that would also 
have an impact on health care systems. 
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Temporal and cartographic analyses of the distribution within Spain 
of mortality due to granulomatosis with polyangiitis (1984–2016) 
 
Abstract 
The aim is to conduct a descriptive, population-based study in order to assess temporal and 
spatial changes in mortality due to granulomatosis with polyangiitis (GPA) in Spain from 
1984 to 2016. Mortality data were obtained from the Spanish Annual Death Registry. 
Deaths in which GPA was the underlying cause were selected using the 446.4 and M31.3 
codes from the International Classification of Diseases, 9th and 10th revision. Annual 
average age at death and age-adjusted mortality rates were calculated. Geographic analysis 
was performed at municipality and district level. Variations in mortality according to the 
type of municipality (urban, agro-urban or rural), district and geographic location (degrees 
of latitude) were assessed using standardized mortality ratios (SMRs) and smoothed-SMRs. 
Over the whole period, 620 deaths due to GPA were identified. Age at death increased at an 
average annual rate of 0.78% over the period 1987–2016 (p < 0.05). Age-adjusted mortality 
rates increased by an annual average of 20.58% from 1984 to 1992, after which they fell by 
1.91% a year (p < 0.05). The agro-urban category had the highest percentage (4.57%) of 
municipalities with a significantly higher GPA mortality rate than expected. Geographic 
analysis revealed four districts with a higher risk of death due to GPA, two in the North of 
Spain and two in the South. This population-based study revealed an increase in the age at 
death attributed to GPA. Age-adjusted mortality rates went up sharply until 1992, after 
which they started to decline until the end of the study period. Geographic differences in 
mortality risk were identified but further studies will be necessary to ascertain the reasons 
for the distribution of GPA disease. 
Keywords: mortality; Spain; granulomatosis with polyangiitis; geographic patterns; 
temporal trends; latitude; mapping; Wegener  





Granulomatosis with polyangiitis (GPA), formerly known as Wegener’s Granulomatosis, is 
a systemic necrotizing vasculitis characterized primarily by a granulomatous inflammation 
of small and medium vessels [1]. It typically affects the respiratory tract and kidneys leading 
to premature death if not treated [2]. It is considered a rare disease due to its low 
prevalence (less than five cases per 10,000 inhabitants) and its etiology remains unknown 
[3,4,5]. 
Mortality due to GPA is still high, especially in the first year after diagnosis, despite better 
treatments being available [6]. Although the death rate amongst GPA patients has been 
reduced since the beginning of the 21st century, it remains higher than the mortality in the 
general population [7]. Age at death is increasing amongst patients suffering from this rare 
disease due to improvement in treatments based on cyclophosphamide, glucocorticoids and 
rituximab [8,9]. 
The incidence of GPA at an international level has been increasing since the 1980s and then 
stabilized in the early 2000s, suggesting an increasing physician awareness following the 
introduction of routine anti-neutrophil cytoplasmic antibodies (ANCAs) testing [10]. 
Furthermore, there are considerable variations between the incidence rates in different 
countries [2]. In Europe, notwithstanding the fact that there are variations in methodology 
in the different studies, data suggest that the incidence of this disease is two to four times 
greater in northern than in southern countries. Previous researchers reported an annual 
incidence rate of 9.8 (95% CI = 7.4–12.2) per million people in Sweden, 9.3 (8.1–10.6) in 
Finland, 11.8 (10.7–12.9) in United Kingdom, and 7.7 (4.1–11.4) in Poland, indicating a 
possible spatial variation in incidence rates [11–14]. In Spain, epidemiological information 
about GPA is still scarce and there are no studies of mortality or other indicators at a 
national level. The little research so far conducted on this subject has focused on incidence 
rates at a provincial or local level. These studies found that Lugo province had an annual 
rate of 2.95 cases per million inhabitants, the city of Sabadell in Barcelona province had 4.1 
cases, while the rate in Málaga province was much lower at 2.1 cases per million [15–17]. 
Geographic analyses of GPA in which populations are stratified into rural and urban areas 
have been conducted in several European regions and in parts of Australia [11,17–19]. These 
investigations sought to assess the differences between the incidence or prevalence of GPA 
in rural and urban areas. In the case of Lugo province (Spain), for example, there was 
higher incidence in urban areas. Several studies have also analyzed GPA by comparing 
incidence rates in Europe according to latitude. These found higher rates in northern than 
in southern European countries [20]. At a Spanish level, we thought it might be interesting 




therefore to observe the variation in mortality rates according to latitude, based on the 
assumption that northern regions will have higher rates than southern ones. 
In view of the paucity of national population-based data, this study also seeks to analyze 
mortality due to GPA in Spain over a long period. The objectives were to: (1) evaluate the 
time trends in GPA mortality over a 32-year period; and (2) analyze the geographical 
distribution of mortality at municipal and district level, in rural vs. urban areas and 
according to latitude. 
 
5.2 Materials and methods 
This research focuses on the trend over time and the geographic distribution of GPA 
mortality for the period 1984–2016. Mortality data were obtained from the Spanish Annual 
Death Registry kept by the Spanish National Statistics Institute (NSI) (Instituto Nacional de 
Estadística). GPA as underlying cause of each death is noted by the codes 446.4 in the 
International Classification of Diseases (ICD) 9th edition (period 1984 and 1998), and 
M31.3 in the ICD 10th edition (period 1999–2016). Underlying cause of death is defined by 
the World Health Organization as “the disease or injury which initiated the train of morbid 
events leading directly to death, or the circumstances of the accident or violence which 
produced the fatal injury” [21]. Population data were also obtained from the NSI and 
categorized by gender and age at municipal and district or comarca level (in Spanish the 
word “comarca” refers to an area or territory that contains several towns and villages but is 
smaller than a region). 
The age-adjusted mortality rates were calculated, using the European standard population 
as reference, for males, females, and both sexes (expressed per 1,000,000 inhabitants). 
Annual trends were smoothing using the TH4253 non-parametric procedure which uses 
running medians to summarize overlapping segments in the time-series data leading to 
delete random movements [22]. Average age at death and mortality trends were evaluated 
using joinpoint regression models to describe changes in the time-series data where line 
segments are joined in the joinpoints [23]. 
In order to assess the variation in mortality in rural and urban areas, the Spanish 
municipalities were broken down into three categories. Normally, municipalities are 
classified as rural or urban according to population criteria [17,19]. However, this 
classification seems imprecise due to the varying characteristics of municipalities in Spain. 
Northern municipalities are usually smaller in terms of population but have more industry, 
while Southern municipalities tend to have larger populations and are economically more 
oriented towards the agricultural sector. We therefore decided to include an intermediate 




category for those municipalities with both urban and rural characteristics using not only 
population data but also the number of People Working in the Primary Sector (PWPS), 
which includes activities such as agriculture, livestock, mining or fishing. The data about 
the sectors in which people are employed were provided by the NSI. On this basis, in this 
study we used the following three categories: 
(a) Urban: less than 5% PWPS 
(b) Agro-urban: more than 5% PWPS and more than 10,000 inhabitants 
(c) Rural: more than 5% PWPS and less than 10,000 inhabitants or labor force of less than 
50 people. 
To assess the variation in mortality according to latitude, Spain was divided into horizontal 
strips of one degree of latitude. The most northerly strip was at 44° and the most southerly 
at 36°. The municipalities in the Canary Islands were grouped together under the same 
latitude strip (from 27° N to 29° N). 
For disease mapping purposes, standardized mortality ratios (SMRs) were calculated by 
municipality using the expected GPA mortality rate in Spain for the period 1999–2016 as a 
reference (SMR = 1.00). Municipalities were previously divided into three categories as 
described above: urban, agro-urban and rural areas. Similarly, SMRs were also calculated 
for groups of municipalities with the same latitude in an attempt to uncover possible North-
South variations in mortality. 
The smoothing procedure for geographic units was carried out at comarca (district) level. 
The smoothed-SMRs for the period 1999–2016 were calculated for district using the cases 
observed in each district together with the expected cases, and taking the sex- and age-
specific death rates for the Spanish population as a reference. We used a conditional 
autoregressive model based on two effects: unstructured spatial random effect and spatially 
structured heterogeneity [24]. As a measure of uncertainty, the Posterior Probability (PP) of 
each district being above average risk was computed. PP shows those districts with 
significantly higher (PP > 0.80) or lower (PP < 0.20) risks of death due to GPA than that 
expected for the country as a whole. 
The statistical analyses and the smoothing procedure were performed using the Stata and R 
software respectively. The ArcGIS software program (Esri, Redlands, CA, USA) was used for 
geographic analysis and cartographic representations. 
 
 





Overall, we identified 620 deaths from GPA over the period 1984–2016 in Spain, of which 
55.5% were males (Figure 1). The average age at death for GPA patients was 65.6 years ± 
14.6 Standard Deviation (STD); 65.2 years ± 14.6 STD in males; and 65.8 years ± 14.8 STD 
in females. GPA age at death increased by 0.78% a year (annual percent change, APC) 
between 1987 and 2016 (p < 0.05). By sexes, age at death increased annually by 0.61% in 
males and 0.74% in females over the whole study period (1984–2016) (p < 0.05). 
 
 
Figure 1. Average age at death (lines) and number of deaths (bars) due to granulomatosis with 
polyangiitis (GPA) in Spain by gender: 1984–2016. 
 
The overall age-adjusted mortality rate for the period was 0.35 (95% Confidence Interval 
(CI) = 0.32–0.38) per million inhabitants: 0.44 (95% CI = 0.39–0.49) in males, and 0.28 
(95% CI = 0.24–0.32) in females. Joinpoint analysis showed a 20.58% increase in the age-
adjusted mortality rate between 1984 and 1992 (p < 0.001) and an annual fall of 1.91% from 
1992 to 2016 (p < 0.001). Rates were higher for males than for females, and there was a 
significant increase of 21.57% APC (p < 0.001) over the period 1984–1992. From then on, 
the rate declined (−2.13% APC; p < 0.001). In females, there was a significant increase in 
the death rate of 36.1% APC (p < 0.001) from 1984 to 1989 after which it remained stable 
over the rest of the period. These trends for both sexes (males and females) are similar to 
the smoothed age-adjusted mortality rates and in the aggregation into intervals (Figure 2). 
According to our classification of Spanish municipalities as urban, agro-urban or rural, 
16.2% were considered as urban, 2.7% as agro-urban and 81.1% as rural (Table 1). Deaths 
due to GPA took place in 271 municipalities (3.34% of the total of Spanish municipalities). 




According to SMR by municipality, 4.57% of agro-urban municipalities had a significantly 
higher GPA mortality than expected for Spain as a whole, while this percentage was lower 
in urban and rural municipalities. Only one urban municipality obtained a death risk lower 
than expected (Barcelona: SMR = 0.52; 95% CI = 0.24–0.98). However, global SMR in 
these categories was similar to the expected value (SMR = 1.00): SMRs due to GPA in all 
agro-urban areas considered as a whole were 1.25 (95% CI = 0.93–1.64), 0.87 (95% CI = 
0.68–1.10) in rural and 1.00 (95% CI = 0.89–1.12) in urban. 
 
 
Figure 2. Age-adjusted mortality rates due to GPA in males, females and both genders. (a) 
Annual smoothed rates; (b) five-year rates (except for 2014 to 2016), bars show 95% confidence 
intervals. 
  




Table 1. Distribution of municipalities categorized as urban, agro-urban or rural; number of 
deaths due to GPA and municipalities with higher or lower GPA mortality than expected for 
Spain in 1999–2016 (only statistically significant differences are shown, p < 0.05). 
 
 
Throughout the Spanish territory, while urban municipalities are frequent along the 
Mediterranean (Catalonia, Valencia) and Atlantic coasts (northern Spain) and in the center 
(around Madrid), rural municipalities tend to be concentrated in inland Spain (Figure 3). 
Most agro-urban municipalities are located in the South (Andalusia and Murcia). Agro-
urban areas typically have a medium-sized population and a relatively strong primary 
sector compared with other parts of Spain. 
 
 
Figure 3. Classification of urban, agro-urban and rural municipalities in Spain. Latitude bands 
are shown. 




According to SMR results for municipalities grouped within the same degree of latitude, an 
increased death risk due to GPA can be observed not only in the far North of the Iberian 
Peninsula but also in the South (degree 36° N and statistically significant: SMR = 1.79) for 
both sexes (Figure 3; Table 2). The lowest death rate was in the 40° N strip (SMR = 0.75 
and statistically significant), which runs across the center of the Iberian Peninsula and 
includes the capital, Madrid. By sexes, SMR results showed a significantly higher death risk 
for males in the coastal areas of Andalusia in southern Spain (36° N strip): SMR = 1.91; 95% 
CI = 1.29–2.72), however it was not significant for women. In the southernmost latitude in 
Spain, the Canary Islands, there was a higher risk for both sexes together and for women 
separately, however these results were not significant. 
 
Table 2. Number of municipalities, deaths and standardized mortality ratio (SMR) results for 




Finally, in smoothed SMRs a similar pattern can be seen as the territory gradation 
according to latitude: there are several areas in the North and in the South with a higher 
than expected death rate while in the center there were several districts with lower than 
expected results (Figure 4). The lowest death risks due to GPA were noted in some areas of 
western Galicia (Northwest) and in metropolitan areas of Madrid and Barcelona. While of 
the four districts in Spain with a significantly higher risk of death (PP > 0.80), two were in 
the North (one in Galicia and one in the Basque Country) and two were in the South 
(Andalusia). 
  





Figure 4. GPA Smoothed-SMR and Posterior probability (PP) by district in Spain (1999–2016, 
both genders). PP shows those districts with significantly higher (PP > 0.80) and lower (PP < 
0.20) risk of death due to GPA than expected for Spain as a whole. 
 
5.4 Discussion 
This retrospective epidemiological study on mortality due to GPA is the first of its kind in 
Spain at a national level and over a long period. In this paper we offer a detailed description 
of geographic variation in mortality rates from different perspectives so as to understand 
the spatial distribution of this rare disease in Spain. 
The annual increase we noted in the average age at death due to GPA is in step with a 
similar study in England over the period 1992–2013 [25]. The increasing survival rate has 
been achieved thanks to quicker diagnosis, which has enabled improved treatments to 
alleviate damage to affected organs [9]. This has been achieved partly due to the 
introduction of blood tests for ANCAs, as positive levels of ANCAs proteins are related to 
certain forms of systemic vasculitis such as GPA disease [26–29]. Better and faster 
diagnosis result in increased survival of the patients affected. Other authors reported an 
improvement in the survival of GPA patients in recent decades associated with the use of 




less aggressive therapies, so reducing other complications, although this depends on the 
organ affected [25,30]. 
We found that age-adjusted mortality rates have decreased significantly since 1992. In a 
nationwide cohort of patients with end-stage renal disease due to GPA carried out in the 
United States, mortality rates decreased dramatically between 1995 and 2014, reflecting an 
improvement in the management of this disease over recent decades [31]. The change in the 
ICD code in 1999 (from the 9th to 10th edition) does not seem to have affected the trends in 
GPA age-adjusted mortality rates in Spain. Nevertheless, we do not know the impact of new 
clinical and molecular classifications for vasculitis on the ICD coding of deaths due to GPA 
in Spain i.e., “Revised International Chapel Hill Consensus Conference Nomenclature of 
Vasculitides 2012” [32]. Although our change in mortality time trend was detected in 1992, 
long before this nomenclature revision for GPA, we cannot rule out some effect in our data. 
An increase in these rates was observed in the population as a whole and in males until 
1994 (the opposite was observed in women), although from then on, the rate started to fall. 
Variations in mortality in urban and rural areas could help to clarify whether GPA disease is 
triggered by environmental factors. In a study comparing vasculitis diseases in Germany, 
there were higher incidence rates in cities than in rural areas [19]. In a study of the 
northern province of Lugo in Spain, GPA incidence was also higher in urban municipalities 
[17]. However, the results of similar studies in other countries have not confirmed these 
trends [33, 34]. In our study, almost 5% of agro-urban municipalities showed significantly 
higher GPA mortality than expected for Spain as a whole, and this percentage was much 
lower in rural and urban municipalities. Agro-urban municipalities are medium-sized 
municipalities in terms of population (average 21,500 inhabitants) in which a substantial 
proportion of their citizens still work in the primary sector (more than 5%) in activities such 
as agriculture and livestock farming. A case-control study on this question in Norfolk 
(Eastern England) found a significant association between GPA and employment in 
farming [35]. In our study there is not sufficient ground to establish any positive 
association between farming in rural areas and GPA given the very low proportion of rural 
municipalities with higher SMR than expected. Our results are therefore not consistent with 
the findings obtained by Lane. Further studies must be carried out in order to find out if 
there is any link between mortality and farming or perhaps with the use of pesticides. 
Several studies suggest that the incidence of GPA in Europe might follow a geographic 
pattern and decreases from North to South [36,37]. This suggests that there is a higher 
chance of developing GPA in northern countries perhaps due to environmental or genetic 
factors. Some authors highlight a possible link with the sunlight protection factor (higher in 
Mediterranean countries) and the benefits of Vitamin D [38]. The role of genetics in the 




incidence of GPA was also discussed by various authors, particularly with regard to the 
more frequent presence of the PTPN22 R620W polymorphism in northern European 
populations [39]. Another comparative study showed a higher incidence of this disease in 
Northern Spain than in the south of the country [15]. In our study, mortality rates did not 
follow any obvious latitude pattern, with higher rates in areas of both Northern and 
Southern Spain, so coming to the same conclusions as observed in Germany in the period 
1998–1999 [36]. In addition, latitude effect could be only noticeable at an international 
scale, such as European, and not in a single country. It is also possible that a geographic 
pattern in Spain could have been weakened due to internal migratory flows over the course 
of history [40]. 
When we analyzed the results for the different Spanish districts, no clear geographical 
North-South pattern could be observed. Nor could we find any significant rural/urban 
differences. This suggests that further, in-depth analysis is required to explain the 
geographic distribution of GPA in Spain. Family grouping in GPA disease is infrequent 
except in cases of first-degree relatives, which would suggest that the disease may have 
environmental causes [41]. Several studies point out that higher incidences of systemic 
vasculitis might be associated with environmental factors, such as silica exposure [42,43]. 
However, everything suggests that GPA is a complex, multifactorial disease in which both 
genetics and the environment play a role [20,35,44]. 
The present study has several limitations, such as the fact that our population-based death 
registry does not provide personal information with regard to occupation, disease-related 
genetic history or personal habits. For instance, a recent Spanish study found that GPA 
patients were more likely to have a history of smoking than the population as a whole [45]. 
Findings like these make the relationship between possible triggers for the disease and 
likely environmental factors increasingly difficult to unravel. In addition, most GPA 
epidemiological studies focus on prevalence and incidence, which makes it harder to 
compare mortality rates with other reports not only in Spain but also in other countries. 
Our research consisted of a nationwide, population-based study over a long period of time 
of the mortality directly attributed to GPA and followed a homogeneous, standardized 
methodology. The increase in average age at death identified in our study is an important 
finding in that it allows national or regional governments to plan the health services 
required to improve the life of GPA patients more effectively. It is important to emphasize 
for example that the treatments for GPA disease can be quite costly because patients often 
suffer relapses [46,47]. 
  





In conclusion, this study has analyzed deaths due to GPA in Spain over a 32-year period. 
Since 1992, mortality rates have fallen and average age at death has increased due to better 
treatments and prompt diagnosis. We found that areas categorized as agro-urban had a 
greater proportion of municipalities with higher than expected mortality in comparison 
with urban and rural areas. We also analyzed differences in death rates according to 
latitude, but no spatial pattern was found. More in-depth studies are required to enable us 
to gain a better understanding of the etiology of GPA disease. 
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Geographic analysis of motor neuron disease mortality and heavy 
metals released to rivers in Spain 
 
Abstract 
Background: The etiology of motor neuron disease (MND) is still unknown. The aims of this 
study were to: (1) analyze MND mortality at a fine-grained level; and (2) explore 
associations of MND and heavy metals released into Spanish river basins.  
Methods: MND deaths were extracted from the Spanish nationwide mortality registry 
(2007–2016). Standardized mortality ratios (SMRs) for MND were estimated at a 
municipal level. Sites that emitted quantities of heavy metals above the regulatory 
thresholds were obtained from the European Pollutant Release and Transfer Register 
database (2007–2015). The relative risks for non-exposed and exposed municipalities 
(considering a downstream 20 km river section) by type of heavy metal were analyzed using 
a log-linear model.  
Results: SMRs were significantly higher in central and northern municipalities. SMRs were 
1.14 (1.10–1.17) higher in areas exposed to heavy metals than in non-exposed areas: 0.95 
(0.92–0.96). Considering the different metals, we found the following increased MND 
death risks in exposed areas: 20.9% higher risk for lead, 20.0% for zinc, 16.7% for arsenic, 
15.7% for chromium, 15.4% for cadmium, 12.7% for copper, and 12.4% for mercury.  
Conclusion: This study provides associations between MND death risk and heavy metals in 
exposed municipalities. Further studies investigating heavy metal exposure are needed to 
progress in MND understanding. 
 
Keywords: motor neuron disease; population-based mortality; geographical analysis; heavy 
metals; environmental factors 





Motor neuron disease (MND) is a neurodegenerative condition in which motor neuron 
functions diminish progressively in the central nervous system [1]. Currently, there is no 
cure for MND, and no interventions have been found to stop the progression of symptoms, 
leading to mortality [2,3]. About 5–10% of MND cases are attributed to familial or genetic 
origin. Thus, for the remainder of diagnosed patients, environmental factors may have a key 
role in the development of the disease [4-8]. Numerous studies have examined the effects 
that metals have in neurodegenerative diseases, focusing especially on the role of heavy 
metals in health [9,10]. Heavy metal exposure has been associated with amyotrophic lateral 
sclerosis pathogenesis for more than 150 years, especially since heavy metals were found in 
tissues and fluids from MND patients [11]. Despite the lack of a general agreement in 
defining heavy metals, they are typically referred to as those chemical elements having a 
specific density of more than 5 g/cm3 [12]. They are involved in a wide range of processes 
in various receiving environments such as air, soil, or water. Heavy metal emissions have 
been continually increasing since the middle of the 19th century at the global level [13]. 
The association between mercury and MND has been studied, being evident its effects on 
the human nervous system, leading to brain alterations or to shyness, tremors, irritability, 
and changes in vision or hearing [14]. Lead pollution, described as toxic for more than 100 
years, is a major problem in drinking water pipes in some undeveloped countries, but not in 
Spain [48]. Chronic exposure to lead has been linked to mental retardation, birth defects, 
and brain damage, among others [16,17]. Lead is one of the most studied heavy metals in 
terms of exposure and receiving environment, with results confirming its association with 
MND [18,19]. Cadmium is a water-soluble heavy metal affecting the kidney and bones. 
Chromium is highly persistent in water sediments and, in elevated concentrations, it is 
related to ulcers and can induce DNA damage [20]. A case–control study found an 
association between cadmium exposure and the occurrence of amyotrophic lateral sclerosis 
(a type of MND accounting for the 85% of MND cases) in Catalonia, Spain [21]. Copper 
toxicity can lead to hepatic disorders or neurodegenerative changes [22]. Zinc excesses can 
cause brain damage or affect the respiratory and gastrointestinal tracts apart from prostate 
[23], with one of the most common exposing sources being drinking water [24]. 
At the same time, an increase of MND death rates has been reported in the past years [25-
28]. In Spain, the patterning of MND has been examined, showing geographic variability at 
the provincial level, but MND mortality has not been further explored at a finer spatial scale 
throughout the country, and few studies including exposure types have been carried out 
[18,21,28]. Examining the associations at a more detailed level (e.g., municipality) using 
geographically referenced environmental data allows a deeper interrogation of the factors 




that potentially contribute to MND. If a relationship is found between increased MND 
mortality and heavy metal emissions, it will inform future avenues of inquiry to progress 
our understanding of MND etiology. 
The objectives of this study were to: (1) Analyze the mortality distribution of MND at a 
municipal level in a 10-year period; (2) Characterize heavy metal emissions released to river 
basins; and (3) Explore associations between heavy metals exposure in water and MND 
deaths in Spain over a 10-year period. 
 
6.2 Materials and methods 
Mortality data were extracted from the annual death registry kept by the National Statistics 
Institute (NSI) (Instituto Nacional de Estadística), Spain. MND deaths were obtained from 
2007 through 2016. These were identified from the International Classification of Diseases, 
10th revision, code G12.2, which included all forms of MND. For Standardized Mortality 
Ratios (SMRs) and confidence intervals (CI) calculations, ages were grouped in five-years 
intervals up to 84 years old and older. 
Using the European Pollutant Release and Transfer Register (E-PRTR) database, we 
extracted heavy metal quantities released into river basins by emission point in Spain 
during 2007–2015, and these were assigned to geographic coordinates provided by this 
registry [29]. E-PRTR is an information platform, a register with a list of facilities that have 
emitted polluting substances exceeding certain thresholds. This register contains 
information about the location, emitted substances, quantities per year, activity, and 
receiving environment. Facilities are required by law to report the release of pollutants, and 
this law is implemented by all EU member countries, which have the task to impose 
penalties on sites with emissions beyond the limits in an effective, proportional, and 
dissuasive way. Of note, information is only reported by an installation to the E-PRTR when 
the quantities of pollutants released exceed certain thresholds. 
Heavy metals included in this study were: arsenic, cadmium, copper, chromium, mercury, 
lead, and zinc. These heavy metals were selected because there are several studies linking 
them to MND symptoms and development [11]. We geocoded the sites that released heavy 
metal emissions into the rivers during the mentioned period. Using geographic criteria, we 
identified a 20 km river section downstream from the emission point and selected the 
municipalities that intersected the sections. These were classified as exposed 
municipalities. The municipalities that did not intersect these river-sections were defined as 
non-exposed municipalities. We then calculated the times that each emission point had 
exceeded the thresholds by metal as indicated by the E-PRTR. The annual limits per 




emission point and by metal were: mercury 1 kg; arsenic and cadmium 5 kg; lead 20 kg; 
chromium and copper 50 kg; Zinc 100 kg [29]. 
We fitted log-linear models on the assumption that the number of MND deaths per stratum 
followed a Poisson distribution. Observed cases were the dependent variable, and expected 
cases were included as offset in the models. A term we called “exposure” (distance 20 km or 
less from the facility) was included as the independent variable. The regression coefficient 
of this exposure term gave us the logarithm of the ratio between the respective mortality 
ratios for the exposed and reference zones, which we called incidence report rates (IRR). 
The advantage of using Poisson regression models is that they provide a magnitude of 
association (IRR) and a p-value of global significance between the exposure variable and 
mortality. 
Statistical analyses were performed using the Stata computer software program, while the 
ArcGIS software program (Esri, Redlands, CA, USA) was used for geographic analysis and 
cartographic representations. 
Research Ethics: The study was conducted in accordance with the Declaration of Helsinki, 




There were 9434 deaths due to MND in the period 2007–2016 in the Spanish territory. As 
shown in Figure 1a, results obtained for municipal SMRs seemed to be random across the 
period 2007–2016, when it was possible to observe both high and low SMRs throughout the 
national territory. Figure 1b depicts only significant SMRs, highlighting 90 municipalities. 
The majority of lower-than-expected SMRs values (15 municipalities) were located in the 
southern half of the Spanish territory, whereas the majority of the higher-than-expected 
SMRs results (75 municipalities) were located in the northern half of the country. 
We identified 129 sites that reported heavy metal quantities emitted to river basins that 
exceeded the thresholds during the period 2007–2015 (Figure 2), noting that a site may 
release more than one type of heavy metal. Overall, 92 sites were located in the northern 
part of Spain, mainly in Basque Country and Catalonia. Zinc was the most commonly 
reported exceeding heavy metal emission, whilst cadmium was the least (99 and 23 sites, 
respectively). The main activities identified at the sites were: wastewater treatment sludge, 
thermal power stations, steel industry, paper industry, and chemical industry. Overall, 458 




municipalities were affected (5.64% of the total Spanish municipalities) as they intersected 
20 km of river downstream from the sites.  
 
 
Figure 1. (a) Distribution of standardized mortality ratios (SMRs) due to motor neuron disease 
(MND) from 2007 to 2016. (b) Distribution of lower- and higher-than-expected SMRs. 
 




According to the location of the emission point for each heavy metal, the number of 
exposed municipalities varied: zinc n = 382, copper n = 235, arsenic n = 198, mercury n = 
169, lead n = 163, chromium n = 156, and cadmium n=93. 
The results of the Poisson Regressive Model used to compare mortality due to MND in 
exposed versus non-exposed municipalities is shown in Table 1. Significant SMR 
differences between the exposed and non-exposed municipalities existed. However, SMR 
attributed to MND was significantly higher in exposed municipalities for all metals and for 
individual metals. The IRR were higher in exposed than in non-exposed municipalities (p < 
0.001), with an 18.4% increased risk of MND for people living in municipalities exposed to 
heavy metals. MND risk varied by metal exposure—lead posed a 20.9% risk (highest), 
whereas copper and mercury increased the risk by 12.4% (lowest). 
 
Figure 2. Location of sites (emission point) releasing heavy metals to river basins in the period 
2007–2015 in Spain. 
 
Table 1. Comparison of motor neuron disease mortality in exposed and non-exposed 
municipalities based on individual heavy metals: number of deaths (%), SMR, and incidence 
report rate (IRR). MND: motor neuron disease. SMR: Standardized mortality ratio. 
 




Figure 3. Number of times that heavy metal emissions exceeded the annual threshold by heavy 
metal and per site in 2007–2015. Only the emission points that in at least one year exceeded the 
maximum regulatory emission level are displayed. 
 
 
Comparing the quantities of heavy metal emissions with the EU regulatory thresholds, we 
observed that zinc was the most common substance emitted exceeding its limit (100 kg per 
year per site), as shown in Figure 3. Across many emission points, the annual threshold of 
zinc was exceeded by more than 100, 200, or even 500 times. Cadmium and lead were the 
heavy metals least likely to exceed the regulatory thresholds, with exceeding values 
measured up to maximum 100 times per year per site as during the period 2007–2015. 





This study provides a detailed map of MND mortality in Spain by exploring possible 
associations between the MND and heavy metal exposure. The discovery of patterning of 
significant high and low mortality rates through the Spanish territory supports a non-
randomly spatial distribution of MND. This spatial pattern is in line with and extends from 
other MND studies conducted at a provincial level [18,28]. The increased MND risk 
identified in certain municipalities close to heavy metal emissions suggests that 
environmental factors may contribute to MND etiology. 
Much research supports the notion of heavy metals being harmful to health, with effects 
varying according to dose, duration, exposure conditions, bioavailability, and chemical 
species [11,30]. Despite different studies attempting to rank the health effects of specific 
heavy metals, a consensus has not been obtained. For example, the U.S. Department of 
Health and Human Services, Agency for Toxic Substances and Disease Registry (ATSDR), 
recognized arsenic, lead and mercury as being the heavy metals most harmful to human 
health, on the basis of a combination of frequency and potential exposure [31]. In relation 
to specific heavy metals, we found that municipalities exposed to lead had the highest 
increased MND risk (20.9%), while those exposed to mercury showed the lowest increased 
risk (12.4%) in reference to non-exposed areas. 
Although pollutant emission data were available from 2001, we only used data from 2007; 
in the period 2001–2007, it was not necessary for emission points to report the exceeding 
quantities. The register was further improved in 2007, with more substances included and a 
better evaluation of activities occurring at the sites [32]. The strengths of this study are the 
potential extension of this method to include information on other substances and the 
receiving environment (e.g., air, soil) and an exhaustive analysis of the activity of sites and 
the measurements taken after the thresholds were exceeded. The database from which we 
extracted the heavy metal emissions data are also available for other 34 EU countries. The 
possibility of collecting national MND deaths registries, standardized and comparable 
across countries, and the study of heavy metal emissions in a continental context would 
provide a large-scale study with large-scale exposure heterogeneity. Identifying associations 
in a wider geographic context would be very useful for the European health policy planning 
and for further identifying the etiology of and risk factors for MND. Our paper only focuses 
on the likely effects of isolated metals on MND mortality and not on the synergistic or 
antagonistic effects of mixing various types of metals in water. For instance, there are 
several articles relating the severe effects in mice of metals like cadmium combined with 
fluoride dissolved in water [33]. These possible synergistic effects should be studied more 
deeply in the future. 




There are limitations in this study. The mortality statistics from NSI did not provide 
individual information about personal habits, disease-related genetic history, or 
occupation. We did not have a direct measurement of individual exposure to heavy metals. 
Another limitation is that this registry does not include information about the possible 
movement of patients from small to larger municipalities, once diagnosed, for better 
treatment. This would imply that MND deaths could be inflated in big cities, while 
underestimated in small municipalities. These changes in the municipality of residence 
could result in less accuracy when exploring likely associations. However, the population-
based and standardized mortality data used are a noticeable advantage because the registry 
has national coverage. 
Exposure to metals is, in most cases, a long-term process; it would, therefore, be valuable to 
have reliable and standardized data about pollutant emissions available for longer time 
periods (i.e., decades). This information could be used to better assess and understand the 
association between neurodegenerative diseases and pollutant exposures. It should be 
noted that sites are not required to report quantity emissions when they do not exceed the 
set threshold; therefore, when we found a gap in a year information in one emission point 
in the studied period, it could mean two things: a released quantity lower than the limit or 
no emission produced. The absence of data seems to indicate that, in the event of heavy 
metal release, this would not involve a health hazard. Finally, it is important to note that 
this is emergent research that needs to be analyzed with greater precision in future studies, 
especially as regards the interaction of heavy metals with the rivers where they are released 
in terms of dissolution of substances in water and hydraulic flow of each river, and the 
study of multiple cross-sectional distances from the emission points. 
While this study does not definitively link heavy metal exposure to MND, it identifies a 
valid approach and further lines of inquiry. Within a national context, this is a novel study 
which indicates characteristics of MND mortality and heavy metals that suggest further 
investigations at a local level, considering river characteristics and the behaviors of the 
different heavy metal in rivers. 
 
6.5 Conclusions 
In conclusion, we described the detailed mortality rates due to MND during 10 years in 
Spain, finding patterns that indicate higher rates than expected of MND in northern 
municipalities. Also, we explored heavy metal emissions in river basins, identifying 
emission points exceeding the recommended thresholds predominantly located in northern 
areas. Increased MND mortality risk in the exposed areas was shown when analyzing heavy 




metals individually and together. This investigation underscores the value of combining 
geographic and epidemiologic techniques for the understanding of the patterning of 
relationships between rare diseases and environmental exposures. 
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In this section, a joint discussion of the results shown in Chapters 3, 4, 5 and 6 will be 
conducted. First, considerations arising after the development of this study will be 
addressed, focusing mainly on RDs-related problems as well as on the hypothesis stated. 
Next, the results of each specific objective will be discussed. They will be followed by 
acknowledgment of the limitations found during the development of the thesis. Lastly, new 
research lines to orientate further studies will be drafted. 
 
7.1 General considerations 
The assessment of mortality has a great importance and impact in Public Health. Over the 
last decades, mortality has considerably decreased in developed countries at all levels and 
most of deceases are attributed to preventable conditions as cardiovascular diseases, 
respiratory diseases and cancer [Shofield et al 1991, Canudas-Romo et al 2008, Borrell and 
Joseph 2012, Debón-Aucejo et al 2012]. Such decrease has a lot to do with the role of 
preventive medicine and with action plans focused on the improvement of the health of 
populations [Rose et al 2008]. 
In the case of RDs, mortality is still high in most cases if compared with general mortality 
[Tan et al 2018]. These diseases have unrelated clinical, etiological, and physio-pathological 
characteristics and they evolve differently in affected patients. As a result, making joint 
action plans for RDs is more difficult, even though these disorders affect more than 3 
million people in Spain, 40 million in Europe and about 400 million people around the 
world [de Vrueh et al 2013]. RD research presents an additional challenge, thus requiring a 
multidisciplinary approach [Posada et al 2008]. The inherent features of these diseases, 
such as the low number of cases, make epidemiological and geographic analyses harder 
when seeking out disparities in its indicators. Considering such disadvantageous situation, 
Valdez et al (2016) points out two different reasons that attempt to explain the lower 
number of studies of RDs in comparison with more frequent diseases: (1) patients are 
geographically dispersed, although they amount to a considerable quantity, and (2) the 
approaches based on the identification and removal of risk factors are not normally focused 
on RDs since most rare conditions have a genetic or congenital origin, which is most often 
irremovable. 
This doctoral thesis has achieved the task of improving scientific understanding about RDs 
through the monitoring of mortality of some of them. Through the comprehensive 
combination of geographical and epidemiological methodologies, knowledge and awareness 
about mortality due to RDs has been increased. This first step is a valuable source of 
information that can help the Public Health workers in their task of reducing the mortality 




attributed to these diseases. The contributions of this thesis to the existing knowledge on 
the subject are listed below according to the results obtained:  
(1) We have presented RDs current problems by using a dual methodological 
perspective based on the combination of epidemiological analyses with GIS. 
(2) The level of awareness about temporal trends for the selected RDs has been largely 
improved. The long-term monitoring across three decades is a strength of this 
thesis, since it provides an insight on deaths attributed to these diseases. 
(3) We have been able to work with RDs epidemiological data at an innovative and 
highly detailed spatial level in Spain. Up to now, no population-based mortality 
studies at a national level for the RDs selected had been developed, and we have 
achieved results at districts (comarcas) level. We have even been able to increase 
the level of detail up to municipalities in some instances. 
(4) Finally, by using the E-PRTR Registry, we have studied one of the plausible causes 
relating mortality of a selected RD and pollutant emissions into river basins. In so 
doing, we have introduced a broad field for future research about environmental-
related studies of many RDs using epidemiological and geographic tools. 
 
The results obtained verify the hypothesis proposed for this doctoral thesis. Thanks to the 
analyses we have carried out, differences in mortality attributed to HD, GPA and MND have 
been demonstrated at a temporal and geographical level. We have found geographical 
variability in mortality attributed to RDs despite the similar socio-economic structure and 
the existence of a National Health System across the country. In regards to the time-trend 
aspect, we can state a decreasing trend in mortality rates due to GPA, as we proposed in the 
hypothesis, but we have found the reverse trend for HD. The valuable information about 
geographic variability and temporal trends achieved in this doctoral thesis responds to the 
recent growth of mortality studies based on spatial comparisons of geographic units. These 
geographic mortality analyses together with temporal analyses, make the identification of 
inequalities easier in order to implement interventions to reduce mortality rates. 
In order to discuss the outcomes obtained in greater detail, it is necessary to disaggregate 
the specific objectives that were proposed in Chapter 1. 
  




7.2 Difficulties in the geographical and epidemiological analysis of RDs 
Objective 1. To identify the current problematic in the choice of geographic units of 
representation when working with RDs and to provide recommendations for the election 
of the most appropriate unit so as to obtain a better epidemiological and cartographic 
result. 
This objective has been mostly tackled in Chapter 3 as way of introduction to the issues 
arising in the RDs data processing. 
The very definition of RDs implies a low number of cases and this leads to the need to 
aggregate individual data into geographic units due to privacy and confidentiality issues, as 
well as to the achievement of most powerful statistics outputs. In this sense, GITs and its 
application in health studies are shown as useful tools providing valuable and reliable 
results that can be focused on the observation of inequalities in RDs mortality. However, 
working with RDs data also adds complexities and issues that must be addressed from a 
geographical point of view. Such is the case of the MAUP and the different statistics results 
in each geographic unit analyzed. 
Considering the need for data aggregation a starting point, identifying the number of cases 
and their geographical distribution was the first criteria of this study to choose the most 
adequate spatial unit of analysis for a specific disease. 
The low number of cases in some specific areas and the use of short periods of time for the 
analysis have resulted in the excess of zeros and outlier results, something quite common in 
the epidemiological calculations for rare conditions [Arab 2015]. The challenge of choosing 
the most appropriate geographic unit with these three RDs has made us face a dilemma: 
either losing spatial detail but obtaining more inequalities in mortality, or achieving greater 
detail at risk of worse results in terms of mortality inequality. In SMR calculation for HD 
(the example of RD analyzed in the Chapter 3), municipalities, districts and provinces 
showed variability across the territory: the greater the level of spatial aggregation the lower 
the number of entities registering zero cases. In other words, when data are grouped in 
small geographic units (in size and population) results will be more unstable [Ugarte et al 
2006]. 
Such unstable results are also visible in the SMRs smoothing process. This type of indicator 
is important in the work of spatial epidemiology of a disease since it addresses the spatial 
dependency, which is a combination of the value of the spatial unit and the adjacent values 
[Lawson 2003 and 2006]. It is possible to avoid general results where the less populated 
geographic units are artificially dominating the general pattern by smoothing the death 




data, thus creating more accurate risk estimation [Esnaola et al 2009]. After this process, 
this study can add some consecutive considerations in regards to our available geographic 
units: 
(1) In the Spanish case, the average population of municipalities is smaller in the 
Northern half of the country, which entails a lower probability of RDs-related 
deaths. The less populated geographic units that register one or more cases have 
obtained an extreme value after the SMR calculation.  
(2) For smoothing process purposes, the results in SMR of the geographic unit will be 
blurred since many neighbor entities do not have cases. 
(3) The elimination of extreme values caused by the smoothing process leads to a loss 
of variability in the results of mortality indicators, especially at a municipal level. 
 
In this doctoral thesis, MND was the RDs group (with its own code in ICD-10) accounting 
for the largest number of deaths in Spain. In this 10-year study period of these diseases, we 
have collected more than 9,000 cases in contrast to the other RDs (i.e. 500 GPA, 1,000 HD 
cases respectively), in spite of being based on longer study periods. Due to this disparity in 
the number of cases, the task of working with higher level of detail (municipalities) was 
chosen for MND while districts were picked for GPA and HD. This might obviously vary in 
terms of the number of cases of each disease. An aggrupation process of diseases might be 
even carried out when they share similar characteristics in order to increase the number of 
cases leading to analysis at a higher level of detail. 
Working with RDs data is an additional challenge for researchers in the fields of 
epidemiology and geography. The election of the geographic unit of analysis should cater as 
much information as possible. In our study, variability in mortality indicators and spatial 
detail among the available aggregation units has been used for this purpose. This justifies 
our seeking for information that can be used by Public Health officers and policy makers to 
benefit society at large.  
  




7.3 Time trends in mortality 
Objective 2. To evaluate the time trends on mortality attributed to RDs in Spain over 
three decades. 
The objectives proposed in this section have been developed in Chapters 4 and 5. By using 
rates and age at death, we have been able to analyze temporal trends of mortality, which has 
allowed us to find out if health policies have contributed to improve the health of the 
population affected. As a consequence, there is a great interest in understanding the longest 
possible extend of time trends. Thanks to our second objective, we have been able to deepen 
our knowledge on mortality trends for two RDs during 3 decades. Bearing in mind the 
different characteristics of each RD, we have observed different trends for HD and GPA. 
The results obtained for HD can be summarized as a continuous rise in mortality during the 
period of study. Surprisingly, we have observed two trends for GPA disease: an initial 
period of growth and a later decline in mortality rates. While age-adjusted mortality rate 
due to HD experienced an annual significant increase of 3.44% during the whole period, 
two opposite trends were revealed in GPA disease: An annual increase of 20.58% between 
1984 and 1992 and a 2.13% annual decline from 1992 onwards. In both diseases, similar 
age-adjusted mortality rates have been observed for men and women, the rate being slightly 
higher for men in HD. In addition to mortality rates trends, we have also assessed the 
evolution of average age at death for each disease. We have observed an increment in the 
average age at death due to HD from 45 to 62 years (0.59% per year) and also a significant 
increase for GPA during the analyzed period of time (0.78% per year). 
These two RDs should be discussed separately in order to understand the trends in 
mortality rates and in the average age at death. In the case of HD, it is known that there are 
no effective treatments to stop the progression of the disease, but only palliative care to 
alleviate symptoms in patients. When diagnosed with HD, palliate care allow patients to 
have a life expectancy of 15 to 20 years [Foroud et al 1999, Solberg et al 2018]. Our study 
has only taken into account the mortality attributed to HD as underlying cause of death, 
which means that we could not consider other deaths associated to this condition but not 
recorded as such–suicide being one of those cases [Farrer 1984, Walker 2007, Cozaru et al 
2016]. HD is not likely to be codified as underlying cause of death in the case of suicide of 
affected patients, which might result in an underestimation and even a decrease in HD 
mortality rates. However, we have not observed this trend as rate continues growing. It is 
also important to mention that a predictive test is available since the 1990s in order to 
make family planning easier [Rivera-Navarro et al 2015], which should have led to a 
decrease in mortality rates in the following decades. This having been said, some patients 




that may develop HD reject to carry out the aforementioned predictive test due to varied 
range of reasons. Over the past years, the increasing mortality due to HD presented in our 
study makes us infer that Public Health services should make a greater investment in 
research, treatments and genetic counselling to help patients and families.  
In the case of GPA disease, treatments have greatly improved during the past two decades. 
Easier diagnosis thanks to the ANCA test and the availability of drugs (cyclophosphamide, 
glucocorticoids and rituximab) to alleviate damage in organs affected can be listed among 
the reasons for this improvement. Such reasons have led to increase GPA curation and 
mortality rates [Phillip and Luqmani 2008]. The existing literature highlights a rise in the 
GPA incidence [Lutalo and D’Cruz 2014]. This means that more patients are diagnosed, 
which is not reflected in mortality rates as there is a delay in the age at death of affected 
patients. 
Considering the results obtained in our study, we can assert that trends in mortality rates 
due to the RDs analyzed and the increase on age at death have changed in each disease 
thanks to improvements in diagnosis and drug and healthcare treatments. In any case, the 
mortality trends observed through the temporal analyses are a reflection of many factors 
that should be taken into account for proper interpretation. 
 
7.4 Geographic patterns in mortality 
Objective 3. To identify geographic patterns in mortality attributed to RDs in order to 
observe variations in mortality among spatial units through the Spanish territory. 
This objective has been developed in Chapters 4, 5 and 6 of this doctoral thesis and it is the 
most transversal one as it analyzed the three RDs selected for our study. Mortality analyses 
at a geographic level are a good source to find health variations in the territory as it can be 
used to identify the areas requiring more intervention to reduce mortality. In the same 
manner, the geographic analysis units for epidemiological purposes have been chosen 
depending on the features of the available raw mortality data. For the first time in Spain, we 
have improved the geographical knowledge on the mortality of the three RDs at a high level 
of detail. In other words, we have carried out the analysis of HD at a district level, that of 
MND at municipal level and GPA at both district and municipal level. Such detailed 
analysis has helped us to prove that the three RDs present an important variability in 
mortality across the national territory. The nature of these diseases should be considered 
when analyzing the geographic differences observed as HD is classified as genetic whereas 
GPA disease and MND are non-genetic. Although in the later genetic susceptibility is 




involved at a small percentage [Knight et al 2008, Kiernan et al 2011], the etiology remains 
unknown in the rest of cases. 
The SMR results for HD were the most heterogeneous of the three diseases studied in this 
doctoral thesis. An unevenly distributed significant increased death risk was found across 
the Spanish territory, whereas significant lower death risk was found in some districts 
located in the center of the peninsula as well as in some districts located along the coast. 
When considering the most populated cities, Barcelona Metropolitan Area (MA) shows a 
significantly higher death risk than other densely populated areas such as Madrid or 
Valencia MAs. The smoothing process has led to reduce the SMR extreme values when 
taking into account neighboring geographic units. We have observed a similar pattern in 
both the Smoothed-SMR for HD and the SMR. Some districts are highlighted throughout 
the country but a geographical pattern cannot be established. In terms of the mortality 
pattern of HD, the great majority of cases have a genetic origin and new cases with no 
family background are uncommon [Rivera-Navarro et al 2015]. Interest in researching 
geographic patterns on HD focuses on the founder effect. The founder effect refers to 
regions or areas of concentration where it is possible to find small gene pool. In such areas, 
the mutated gene responsible for HD is predominantly present among the population 
[Provine 2004]. Geographically, a founder effect for HD has been revealed in other 
locations around the world such as Tasmania or around the Maracaibo Lake in Venezuela 
[Young 1986, Pridmore 1990, Paradisi et al 2008]. Thus, a cluster of cases due to a founder 
effect cannot be affirmed to exist in Spain according to our results. However, we can 
consider isolated areas with higher and lower death risk. 
In the case of mortality attributed to MND, a more detailed comparison among geographic 
units has been achieved as we could analyze mortality at municipal level. Overall, we have 
observed less heterogeneity in the variation of SMR results in comparison to the other two 
diseases. Municipalities with significant lower death risk were found in the Southern part of 
Spain, while higher risks were observed across the country, but especially in the Northern 
part. A closer look allowed us to find a significantly higher death risk in Madrid, Valencia 
and Bilbao, while the risk was lower than expected in Seville. When comparing our results 
of SMR attributed to MND with the geographic patterns in other studies, several authors 
pointed out similar geographic trends in countries in the Northern hemisphere since 
incidence or mortality rates are higher in Northern areas [Noonan et al 2005, Fang et al 
2009,]. Also, it is worth pointing out that Santartún et al (2016) found that MND mortality 
rates in Northern Spanish provinces were doubled than in the Southern ones. This kind of 
results leads us to think that mortality rates might be determined by a North-South 
geographical gradient, implying higher rates in the North while lower in the South. 




However, Logroscino et al (2008) stated that such gradient cannot be a reason thorough 
enough to explain these differences to this day. In the case of our study, although most 
municipalities with higher SMR are in the North, it is not the scientific community possible 
to assert that a latitudinal gradient explains it since most municipalities explored do not 
present significant results. Still, the result obtained gives the scientific community clues 
about geographic patterns that are in line with other studies about MND mortality 
performed in Spain [Veiga-Cabo et al 1997, Alonso et al 2011, Santartún et al 2016]. In this 
sense, we can state that the geographical location of municipalities is not enough to explain 
mortality distribution. However, the possibility of an environmental risk in affected 
municipalities may provide another clue about the causes of MND mortality (see Objective 
4).  
The geographic analysis for GPA mortality has been addressed from two points of view. On 
the one hand, we have analyzed the distribution of mortality across the territory. On the 
other, the distribution of mortality has been related to the categorization of municipalities 
according to socio-demographic criteria and to latitude. According to the maps, the 
distribution of GPA-attributed mortality is heterogeneous. We have found a lower risk in 
districts located in the North and in the Southwest of Spain, while higher risks were 
observed in districts in the Center and Northeast. In that which concerns the most 
populated areas, Madrid and Barcelona MAs show a significantly lower risk, while Bilbao 
shows a higher risk. The study of the municipalities according to socio-demographic criteria 
(population and PWPS) shows that agro-urban municipalities have the greatest percentage 
of higher than expected SMR (almost the 5%) if compared to the other two categories. In 
terms of geographic location, we analyzed SMR results by grouping the deaths of 
municipalities located in the same horizontal strips. Even though the indicator was higher 
than 1 in the Northern strip, the results obtained were not significant. However, SMR were 
significantly higher for both sexes and for men in the Southern strip of Spain (meaning the 
South of Andalusia). The geographic focus of GPA mortality has been addressed from a 
categorization of municipalities (urbanity criteria and latitudinal location of municipalities) 
and at a district level for Smoothed-SMR. GPA mortality was also analyzed according to 
population criteria and percentage of workers in the primary sector in municipalities. For 
this purpose, we have performed a more complex methodology to characterize urban and 
rural municipalities, adding to these an extra category (agro-urban). These small cities, 
where the PWPS are still relevant, offer a challenge for future investigations in reference to 
risk factors associated to economical activities such as agriculture (pesticides) to be studied 
at a local level. In this sense, there have not been carried out studies to compare with our 
results at a national level. It was only reported a study in the Northwest of Spain showing a 
higher GPA incidence in urban areas, though classification criteria were not specified 




[González-Gay et al 2003]. In addition, a comparison with prevalence data between urban 
and rural areas carried out in Germany also shows higher indicators for urban areas 
[Reinhold-Keller et al 2000]. Despite the scarce attention paid to rural-urban comparisons 
by RDs researchers, studies analyzing health outcomes in common diseases are becoming 
more frequent [Cyril et al 2013]. This growing interest might be explained by the increase 
on urbanization and chronic diseases associated to noise or air pollution [Allender et al 
2008]. Moreover, several authors point out that GPA incidence in the North of Europe is 
higher than in the South. Unfortunately, examining this pattern by using mortality 
indicators is not possible due to a lack of studies. We expected a higher mortality rate for 
the Northern latitude strip in Spain, between 43o and 44oN (corresponding to the 
municipalities approximately comprised in the regions in the North of the peninsula). In 
studies carried out for determining causes of GPA, vitamin D or the presence of PTPN22 
R620W polymorphism might be linked with higher or lower GPA incidence [Gatenby et al 
2009, Catanoso et al 2014].  
This objective shows the variability in mortality existing in the Spanish territory regardless 
of the geographic unit chosen for each RD. However, we have not been able to establish a 
clear pattern for them. Explaining those disparities in mortality is a very complex task and 
as they can be attributed to differences in prevalence, disease characteristics, 
environmental factors or differences in regional health systems. For all this reasons, it 
seems difficult to compare the mortality among the three RDs analyzed in the study, even if 
using the same level of aggregation for HD and GPA. The greater level of detail in MND 
(municipalities) makes the comparison with the other two diseases even harder. In any 
case, the acknowledgement of the spatial distribution of RDs is a first step to reveal the 
results to the scientific community, which will mean a further exploration of the possible 
connection between RDs and environmental factors. 
 
7.5 Associations between mortality and environmental factors 
Objective 4. To explore the association between RDs mortality and pollutant emissions 
using the existing scientific literature as a starting point. 
This last objective has been wholly developed in Chapter 6. We have focused on the 
geographic study of pollutant emissions and their possible connection with the mortality of 
a specific disease. We chose a group of RDs with unknown etiology and high suspicion of 
being influenced by environmental factors. MND is a group of RDs with suggested risk 
factors that have been analyzed in many studies [Ingre et al 2015, Oskarsson et al 2015], so 
it is a challenge for the research community to shed light on its etiology. 




The results shown in Chapter 6 can be divided into two: (1) the description of heavy metals 
emitted into rivers, and (2) an exploration of associations between those heavy metals 
emitted and MND mortality. Concerning the heavy metals emitted between 2007 and 2016, 
we have verified that important quantities exceeding the thresholds set by the EU 
regulations were emitted into water [European Parliament 2006]. We have located these 
sites geographically and listed the activity they develop. The sites are mostly located in the 
regions of the Basque Country and Catalonia. The rivers we considered affected are 
therefore located in those regions, although there are other main rivers in the rest of the 
country have also been analyzed, such as Duero, Guadalquivir or Jucar. According to the 
kind of metal separately, zinc was the most common hazard substance, followed by cooper. 
Concentration of heavy metals in the human body is involved in neurological disorders as 
MND. The possible effect of metals on ALS (the most common variant of MND) has been 
analyzed in numerous case-control studies, finding higher concentrations in patients with 
ALS in many occasions [Roos 2013]. Therefore, the study of potential risks and effects on 
health is a significant step towards the understanding of the disease and its possible 
triggering. Considering the association between mortality attributed to MND and heavy 
metals, our findings show that in the Spanish municipalities exposed, the mortality risk is 
higher than in non-exposed municipalities. In fact, the differences observed in the SMR 
indicator have been significantly higher when taking into account the heavy metals in water 
(considered both as a whole and separately). If compared to non-exposed municipalities, 
the increased risk in MND varied from 12.4% in mercury-exposed municipalities to 20.9% 
in lead-exposed municipalities. Although it was not by the same emission environment, a 
positive correlation between lead air levels and MND mortality was also found in another 
study carried out in Spain [Santartún et al 2016]. Though these results point at the possible 
influence of lead in higher MND mortality rates, it is not enough to infer a clear causal link. 
However, it has a great value in orienting researchers and policy makers towards possible 
health strategies. 
The exploration of the connection between environmental hazards and the health of 
populations is a topic of growing interest. In this sense, there has traditionally been a 
worldwide effort to understand the burden disease using mortality indicators [GBD 2017 
Mortality Collaborators 2018]. In many cases, these studies were aimed at finding out the 
effects of pollution or other environmental factors on health. At the same time, the burden 
disease attributable to hazards was analyzed by classing and ordering it according to an 
importance criteria [Briggs 2003]. Despite this, the difficulty in the quantification of the 
number of pollutants as well as how they affect health must be highlighted. Moreover, the 
minimum dose required to trigger disease symptoms and the time of exposure are also 




difficult to assess [Järup 2003, Tchounwou et al 2012]. Increasing the knowledge on 
disease symptoms and on how the accumulation process of the possible hazard substances 
in the human body must be a priority for researchers and policy makers. 
It is remarkable that studies relating environmental factors with other RDs are scarce to 
date. More than 80% of RDs have been attributed to genetic origins, but there is also a 
considerable quantity of them that are related to infections, allergies, degenerative, 
proliferative or teratogenic factors which have not been ascertained to date [EURORDIS 
2005]. In that respect, apart from the RDs considered in this doctoral thesis, other studies 
to ascertain risk factors in other RDs whose origin are not genetic have been carried out. 
For instance, in the group of RDs known as pemphigus, there are studies that associate 
them with the exposure to chemical substances as pesticides or to workers that receive 
ultraviolet radiation [Wohl and Brenner 2003, Tirado-Sánchez et al 2006]. Another 
example would be the location of scleroderma patient clusters in several European 
countries which could be determined by an environmental factor, although it is still 
unknown [Mayes 2003]. 
Finally, geographical analysis might play a decisive role in research works seeking answers 
to questions involving places and RDs. The use of mortality as a reliable and trustable 
indicator offers many possibilities for the inclusion of external variables to obtain 
outcomes, leading to a better understanding of the causes of a disease. At the same time, 
environmental pollution studies are needed to raise awareness about associated risks, 
which would be achieved by creating and updating indicators. Such environmental 
indicators might enable a connection with health inequalities. If the influence of hazards in 
some diseases is proven, the risks and effects on health caused by them may be totally or 
partially avoidable since the solution would be prevention rather than using technologies or 
drugs in affected patients. 
 
7.6 Limitations of the study  
Our study presents the mortality attributed to the selected RDs, so we have only used the 
underlying cause of death included in the death registry. Our results may be enriched by 
considering the secondary cause of death from the death registry, or even by including 
other causes of death from patients affected by these RDs in our study. RDs visibility in 
information systems might be improved thanks to the use of more variables when carrying 
out an analysis. In some occasions, RD patients have another disease codified as the 
underlying cause of death when the die, the RD being considered the second cause. Such 
changes in codification might cause an underestimation of the number of diseases and, 
therefore, of mortality rates. Moreover, we can also point out three specific limitations to 




our study connected to temporal and geographical analyses and to environmental 
associations. 
The first limitation might affect time trend analyses of mortality attributed to HD and GPA. 
Some researchers have investigated the change in ICD codification between the ninth and 
tenth edition in 1999, and how this might affect the identification of these diseases. Cano-
Serral et al (2006) analyzed a great amount of diseases to verify the level of agreement 
between both ICD versions, but their study did not verify our RDs selected. Despite this 
change in codification –as well as the rates and number of cases identified around the year 
of change–, trends do not show sharp shifts neither for HD nor for GPA between the years 
1998 and 1999 in Spain. 
The second of the limitations concerns the results at a geographical level. In this sense, 
death records follow a homogeneous standardized methodology throughout the national 
territory, but variations in death registries of each AC may happen. This is due to the fact 
that it is difficult to find the same level of accuracy in every death certificate [Ragonese et al 
2004]. The NSI unifies and publishes all of them in a unique National Death Registry, even 
though regional governments are responsible of carrying out the first work of codification 
as well as of including the variables in the registry. This may produce slight differences 
among the certificates recorded by each region. Either way, the implementation of an 
automatic codification system in 2014 may help to increase the precision and the 
homogeneity throughout the country [Cirera-Suárez 2018]. 
Finally, in regards to the explorations of mortality associated with environmental factors, 
two issues should be mentioned. One of them refers to the limited information provided by 
the NSI death registry. Death certificates include scarce socio-economic information of 
individuals due to confidentiality and privacy issues [Kulhánová et al 2014]. Although 
patient registries, hospital data sources or surveys might include such socio-economic 
information, they are not national population-based registries, being this a disadvantage. 
Furthermore, the ecological fallacy may appear in association analysis when working with 
aggregated data. As previously discussed, this problem arises when associations that are 
meant to be found at individual level are found at other aggregation level instead 
[O’Sullivan and Unwin 2010]. In our association analyses, external variables have been 
taken into account, such as the categorization of municipalities in terms of urbanity vs 
rurality for GPA disease, or the exposure to heavy metal emissions according to 
municipality of death for MND. Even though we have found a positive association between 
metals and MND mortality, this does not mean that this association also exists at an 
individual level. We should be very careful when applying the results of individuals to the 
whole group, regardless the exposure of each patient. The ecological fallacy is an inherent 




problem to ecological analysis with aggregated data. However, and even though it does not 
imply that results are not useful, the extrapolation to other levels must be cautiously done. 
 
7.7 Next steps and future research lines 
The research line of our study might continue in two directions in the immediate future. 
The first one would focus on deepening our knowledge on the plausible associations 
between low frequent diseases and environmental factors by adding more RDs to the study. 
The second line of research would imply the extension of the geographical framework to a 
European level. What is more, there are thousands of RDs which have not yet been analyzed 
at a geographic or temporal level in Spain. Increasing knowledge on these diseases (by 
calculating or updating epidemiological indicators) is crucial to understand the disease 
burden, to draft healthcare actions and to support investment for future treatments and 
research. Our research group (IIER-ISCIII and the University of Alcalá) is working in the 
elaboration of the National Atlas of Mortality due to Rare Diseases, which contains 
geographic and temporal information of groups of RDs, as well as specific examples of RDs. 
This Atlas, which will be published soon, will consist of a combination of explanatory texts, 
graphics with epidemiological results and maps. This work will enhance the visibility of 
RDs as it will be a rich source of information for affected patients, scientists and the society 
as a whole. 
Furthermore, by including environmental factors in our research we have opened a 
relatively unexplored but broad field of research, can be seen as a complement to 
geographic and temporal analyses. Such plausible influences have a key role in the onset or 
development of non-genetic RDs. We have carried out an approach to the relationship 
between MND mortality and proximity to heavy metal emissions. However, investigations 
focused on seeking some RDs triggering factors may apply to a wide range of possible 
causes such as occupational risks (related with high linesmen and electricians, agriculture 
workers) or personal habits (smoking, low premorbid body mass index and a high fat 
intake) [Huisman 2015, Oskarsson et al 2015]. Some RDs have a high number of cases and 
a wider social repercussion, so analyzing environmental factors as a trigger is a challenge. 
Another important point is the role of data obtained by using remote sensing systems, 
which may provide interesting information to better understand health-related issues. 
Remote sensing data is used in a great deal of research focusing on infectious diseases such 
as malaria, dengue or Ebola [Stanforth et al 2016, Li 2016, Peckham and Sinha 2017]. 
Although the characteristics of rare conditions are not necessarily shared with the 
aforementioned diseases, they could also benefit from remote sensing tools aimed at 




studying variables about possible environmental factors. For instance, an assessment of 
exposure to air pollution over large areas may be carried out by using different types of 
methodologies such as proximity-based assessments, line dispersion models or statistical 
interpolation between sparse monitoring networks [Sorek-Hamer et al 2017]. Thus, remote 
sensing methodologies are of support in both epidemiological and burden of diseases 
studies. Efforts from other research fields related to geography are needed to get new clues 
about RDs. Geographical analysis, along with its associated methodologies and tools, will 
play a key role in many of these investigations. 
Finally, and as a proposal for a future research line, mortality studies not only focused on 
Spain but rather on the European continent would be a topic of keen interest. Studies at 
supranational level would be desirable by using harmonized mortality data both in time and 
codification in order to study health inequalities. These studies are required as many 
authors point out that incidence rates of many RDs are higher in the Northern countries of 
Europe than in the South. Using the data provided by the WHO, the IIER research group 
has started a line of temporal and geographic supranational studies about RDs mortality 
such as hereditary ataxia, MND and HD at a European level [Arias-Merino et al 2017]. 
Moreover, collecting data at municipal level could be especially valuable to aggregate them 
in administrative units with the same spatial detail –according to the availability of each 
country. For instance, Eurostat office has created subdivisions with different hierarchical-
aggregated levels for all member countries within the EU. They are called Nomenclature of 
Territorial Units for Statistics (NUTS) and they are regulated by several thresholds of 
population [Eurostat 2018]. The NUTS2 or NUTS3 levels do not have such resolution as the 
district or the municipality unit, but the observation of geographic patterns thanks to 
epidemiological analyses may serve as a basis for further study in the geographic field 































The aim of this doctoral thesis was to enhance the knowledge of mortality attributed to 
RDs. In order to do so, Geographic Information Systems and epidemiological analysis tools 
have been used in an integrating manner. This chapter presents the conclusion of the 
objectives stated in the introduction, each four of them having the purpose of verifying 
different elements of our hypothesis.  
 
Objective 1: To identify the current problematic in the choice of geographic units of 
representation when working with RDs and to provide recommendations for the election 
of the most appropriate unit so as to obtain a better epidemiological and cartographic 
result. 
The MAUP-related issue is present in RDs analysis and their mortality data. More 
specifically, the scale effect is visible when choosing different geographic units. Thus, the 
election of spatial aggregation level depends on the number of cases of the studied variable, 
as well as on the topological characteristics of the geographic units when carrying out a 
smoothing spatial process. 
In the Spanish case, districts (comarcas) seem to be the most advantageous geographic unit 
for RDs analysis, as it achieves a balance between the number of inhabitants in each entity, 
the number of neighbor entities (used for further smoothing process), the detail in spatial 
information and the number of deaths per entity. 
 
Objective 2: To evaluate the time trends on mortality attributed to RDs in Spain over 
three decades. 
Different time trends in mortality for the two selected RDs have been observed. Such 
differences result from the characteristics of each disease: diagnosis, evolution and severity, 
as well as drug therapy and healthcare. 
Mortality rates due to HD have increased over the last 30 years in spite of the existence of 
an available genetic test that was expected to help decrease this trend. 
Mortality rates due to GPA experienced a sharp increment until 1992, and a slight decrease 
from then on. 




An increment in the average age at death for both diseases has been proven, which could be 
related to better treatments (in the case of GPA), or to the ageing in the general population 
(in the case of HD). 
 
Objective 3: To identify geographic patterns in mortality attributed to RDs in order to 
observe variations in mortality among spatial units through the Spanish territory. 
Explaining geographic patterns of the selected RDs has been hard. However, we have been 
successful in identifying spatial inequalities in the death risk attributed to them. 
Spatial variability in mortality due to HD, GPA and MND has been observed across the 
Spanish territory. Mortality varies according to the characteristics of the diseases analyzed, 
to differences in prevalence and to patient healthcare. 
Variation in the distribution of death rates has been observed for GPA disease according to 
the latitude of municipalities, to urban vs agro-urban and rural classification, as well as to 
district analysis. However, we did not find similar results in other countries so far. 
Although the findings in this thesis about the geographic distribution of HD show 
differences within the country, they are not thorough enough to establish a cluster of cases 
based on genetic origin. 
A spatial pattern in death risk due to MND has been observed at a municipal level: 
municipalities with significantly increased death risk are mostly located in the North, while 
it is significantly lower in the Southern ones. 
 
Objective 4: To explore the association between RDs mortality and pollutant emissions 
using the existing scientific literature as a starting point. 
E-PRTR Registry is presented as a powerful open-and-free data source about pollutant 
emissions in every European country, offering plenty of possibilities in geographical and 
epidemiological studies. 
Industrial complexes emitting heavy metals to river basins are mostly located in the North 
of Spain. They present different activities and in some cases they exceed significantly the 
defined threshold. 
By associating MND and heavy metal exposure, death risk is proven to be higher in the 
exposed areas than in the non-exposed ones. Such increase takes place both at a general 








The above stated conclusions show that this thesis enhances knowledge on mortality 
attributed to RDs. Geography has been proved to be an essential discipline to understand 
the distribution of RDs mortality, despite the difficulties arising from the low number of 
cases and the necessity of spatial aggregation because of privacy and confidentiality issues. 
Moreover, GIS are an effective tool in epidemiological studies to seek environmental factors 
that could be related with the RDs etiology.  
Focusing on mortality and from a global perspective, epidemiological calculations and 
geographic analyses have increased current knowledge on GPA disease, HD and MND, 
although further and deeper investigations are necessary to explain the inequalities and 
variations observed. The relationship between risk factors and RDs has been analyzed from 
a geographical approach, which may give clues about the causes of these diseases. The 
results obtained might be useful to develop preventive measures that are aimed at 
minimizing risks.  
The value of this PhD dissertation lies in the possibility of replicating the study in other 
RDs. The results presented can be very useful in implementing prospective health policies 
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